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Abstract
Background/Aims: Cystic fibrosis transmembrane conductance regulator (CFTR), the anion 
channel that is defective in cystic fibrosis (CF), is phosphorylated and activated by cAMP-
dependent protein kinase (PKA). cAMP levels are downregulated by a large family of 
phosphodiesterases that have variable expression in different cell types. We have previously 
observed high levels of PDE8A expression in well-differentiated primary human bronchial 
epithelial (pHBE) cells and thus aimed to assess whether it played a role in cAMP-dependent 
regulation of CFTR activity. Methods: We assessed the effect of the selective PDE8 inhibitor 
PF-04957325 (PF) on intracellular cAMP levels ([cAMP]i) in well differentiated pHBE cells 
from non-CF or CF donors and also in CFBE41o- cells that stably express wild-type CFTR 
(CFBE41o- WT) using ELISA and FRET-FLIM microscopy. CFTR channel function was also 
measured using electrophysiological recordings from pHBE and CFBE41o- WT cells mounted 
in Ussing Chambers. Results: PDE8 inhibition elevated [cAMP]i in well-differentiated pHBE 
cells and stimulated wild-type CFTR-dependent ion transport under basal conditions or after 
cells had been pre-stimulated with physiological cAMP-elevating agents. The response to 
PDE8 inhibition was larger than to PDE3 or PDE5 inhibition but smaller and synergistic with 
that elicited by PDE4 inhibition. CRISPR Cas9-mediated knockdown of PDE8A enhanced CFTR 
gene and protein expression yet reduced the effect of PDE8 inhibition. Acute pharmacological 
inhibition PDE8 increased CFTR activity in CF pHBE cells (F508del/F508del and F508del/R117H-
5T) treated with clinically-approved CFTR modulators. Conclusion: These results provide the 
first evidence that PDE8A regulates CFTR and identifies PDE8A as a potential target for adjunct 
therapies to treat CF.
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Introduction

The cystic fibrosis transmembrane conductance regulator (CFTR) is a chloride and 
bicarbonate selective channel expressed at the apical membrane of epithelia in many tissues 
including the lungs, pancreas, intestine and sweat glands [1, 2]. Mutations in cftr cause the 
disease cystic fibrosis [3-5], which is characterized by reduced anion and fluid secretion and 
impaired airway immune defense that results in bacterial colonization, chronic inflammation 
and a gradual decline in pulmonary function [6]. CFTR is tightly regulated by the cAMP/PKA 
signalling pathway [7], hence components of this pathway have been proposed as therapeutic 
targets for the treatment of CF. cAMP signalling is terminated when the second messenger is 
hydrolysed by cyclic nucleotide phosphodiesterases (PDEs).

In humans, PDEs form a superfamily comprising 11 distinct isozymes (PDE1 – 11) and 
many splice variants, yielding ~100 enzymes [8, 9]. PDE4, 7 and 8 are specific for cAMP 
hydrolysis, PDE5, 6 and 9 hydrolyse cGMP only, and PDE1, 2, 3, 10 and 11 hydrolyse both 
cyclic nucleotides. Phosphodiesterase inhibitors have been studied for their ability to elevate 
intracellular cAMP ([cAMP]i) and activate CFTR in airway epithelia. PDE3 inhibitors elevate 
[cAMP]i and stimulate CFTR-dependent anion secretion by pig tracheal submucosal glands 
[10] and in the Calu-3 cell line [10-12], a widely used model for human submucosal gland 
serous cells [13]. PDE4 inhibitors also activate CFTR in Calu-3 cells [11, 14] and in well-
differentiated primary human bronchial surface epithelial cells [15-17].

PDE4 inhibitors potentiate cAMP signaling, increasing CFTR-dependent anion and fluid 
secretion and production of airway surface liquid [18, 19]. In addition to regulating wild-type 
CFTR, they also augment isoproterenol-stimulated secretion by primary human bronchial 
epithelial cells (pHBE) from patients homozygous for the CFTR mutation F508del after partial 
rescue of the mutant by corrector drugs [17]. Previously, we showed that the dual PDE3/4 
inhibitor ensifentrine (RPL554) enhances forskolin-stimulated CFTR activity in pHBEs with 
the F508del/R117H-5T genotype [16] as well as rare class III/IV CFTR mutants when they 
are expressed in FRT cells [20]. There is evidence that the cGMP-specific PDE5 also regulates 
CFTR in airway epithelia. An analogue of the PDE5 inhibitor sildenafil was identified in a 
high throughput screen for correctors of F508del CFTR trafficking [21], and Lubamba, et 
al. [22] found that PDE5 inhibitors stimulate CFTR-dependent Cl- transport across the nasal 
epithelium in F508del CF mice. Together these results suggest that inhibitors of specific PDE 
isozymes may have therapeutic value in CF and other diseases in which CFTR function is 
reduced, such as chronic obstructive pulmonary disease (COPD [23]). For a review of PDE 
inhibitors in CF see Turner, et al. [24].

In a recent survey of PDE expression in well differentiated pHBE cultures using qPCR 
we found relatively high levels of PDE8A mRNA [16]. Human PDE8A has 713 amino acids 
and a catalytic domain with 38.5% sequence identity to PDE4 [25]. It is most abundant in 
the testis, ovaries, small intestine and large intestine but has low expression in the lung and 
other tissues. Compared to PDE4, PDE8A has higher affinity for cAMP when determined in 
vitro (Km = 55-155 nM for PDE8A vs 2400 nM for PDE4), lower catalytic turnover (Vmax = 150 
pmol min-1 µg-1 protein for PDE8A vs 2.2 nmol min-1 μg-1 protein PDE4) and lower sensitivity 
to the inhibitor IBMX [25]. It has been postulated to help maintain low basal cAMP levels 
and is implicated in Raf-1-MEK-ERK signalling [26, 27], cardiac contraction [28], cancer 
cell migration [29] and testosterone and progesterone steroidogenesis [30-32]. PDE8A 
was recently shown to downregulate cAMP following activation of β2-adrenergic receptors 
in human airway smooth muscle cells [33]. To our knowledge the role of PDE8 in airway 
epithelium has not been investigated.

Here, we show that PDE8A is functionally expressed in well-differentiated pHBE cells, 
and also at a lower level in the bronchial epithelial cell line CFBE41o-. Inhibition of PDE8A 
stimulates wild-type CFTR in pHBE cells and also increases the activity of mutant channels 
in F508del/F508del and F508del/R117H-5T HBE cells treated with CFTR modulators. The 
results identify PDE8 as a novel regulator of CFTR and potential therapeutic target for the 
treatment of CF.
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Materials and Methods

BHK cells
Baby hamster kidney (BHK) cells were cultured in Dulbecco’s MEM/F12 supplemented with 10% (v/v) 

FBS, 100 U ml-1 penicillin and 100 μg ml-1 streptomycin. For overexpression studies, 5 x 105 cells were 
seeded onto Corning 6 well plates and incubated at 37°C in humidified air containing 5% CO2 for 48 h. Cells 
were then transfected with 1 μg of human PDE8A in pCMV6-XL5 (Origene) using 3 μl Gene Juice (Novagen) 
in serum-free media. The transfection mix was removed 12 h later and replaced with complete medium for 
another 24 h before cells were studied.

CFBE41o- cells
We used a CFBE41o- human bronchial epithelial cell line (CFBE41o- WT) kindly provided by Eric 

Sorscher and Jeong Hong (Emory University School of Medicine) that had been transduced with lentiviral 
wild-type CFTR as described previously [34]. Cells were cultured in Minimum Essential Media (MEM) 
supplemented with 10% (v/v) FCS, 100 U ml-1 penicillin, 100 μg ml-1 streptomycin and 2 mM L-glutamine 
and maintained in T75 flasks (Corning) at 37°C in humidified air containing 5% CO2. For experiments, 
80,000 cells were seeded on collagen coated 6.5 mm dia. Costar® 0.4 μm pore, polyester membrane inserts 
(Corning) and kept submerged for 24 h, then apical medium was removed and cells were maintained at the 
air-liquid interface for 1 week prior to study.

Primary human bronchial epithelial (pHBE) cell culture
Non-CF lung specimens were obtained from the International Institute for the Advancement of Medicine 

(IIAM) and the National Disease Research Institute (NDRI), and cells were isolated by the Primary Airway 
Cell Biobank (PACB) at McGill University. F508del/R117H-5T cells were from the Tissue Procurement and 
Cell Culture Core at the UNC CF Center. All procedures were approved by the Institutional Review Board of 
McGill University (# A08-M70-14B). The methods for isolation, culture, and differentiation of pHBE cells 
were adapted from those described previously by Fulcher, et al. [35]. Briefly, cells were isolated by enzyme 
digestion and cultured in bronchial epithelial growth medium on type I collagen-coated plastic flasks 
(PureCol; Advanced BioMatrix), then trypsinized, counted, and cryopreserved. For experiments, cells were 
seeded on collagen coated 6.5 mm dia. Costar® 0.4 μm pore, polyester membrane inserts (Corning), and 
kept submerged for 4 days, then the apical medium was removed and the cells were allowed to differentiate 
at an air–liquid interface (ALI) for ≥ 21 days before study. The growth medium was complemented with 
penicillin, streptomycin and gentamycin antibiotics according to recent patient microbiology reports. In 
total, pHBE cells isolated from 11 different donors were studied of which 8 were male and the age range of 
donors was 31-69.

CRISPR-Cas9-mediated gene editing
CFBE41o- WT cells were nucleofected with CRISPR sgRNA (pCLIP-Dual-SFFV-ZsGreen) and pCLIP-

Cas9-hCMV-Blast from the transEDIT-dual library (TransOMIC Technologies) at the McGill Platform for 
Cellular Perturbation of the Goodman Cancer Research Centre and Department of Biochemistry at McGill 
University. After transfection, cells were cultured in CFBE41o- culture medium containing puromycin 
(4 µg ml-1) and blasticidin (10 µg ml-1) for cell selection. Expression of Cas9 was tested by qPCR and 
expression of sgRNA was assessed by confocal microscopy (data not shown). After a stable population of 
cells was acquired, they were sorted into single clones by fluorescence-activated cell sorting (FACS). Single 
cell clones were cultured and the knockdown of PDE8A was assessed by qPCR.

RNA extraction and quantitative real-time PCR
Total cellular RNA was extracted and purified using the Illustra™ RNAspin Mini RNA Isolation Kit (GE 

Healthcare) according to manufacturer’s instructions. For reverse transcription, 300 ng RNA was incubated 
with 5x All-In-One RT Mastermix (ABM) in a reaction volume of 20 μl for 10 min at 25°C, 15 min at 42°C and 
5 min at 85°C. 0.5 µl cDNA, 10 μl of TaqMan® Fast Advanced Mastermix, 1 μl of TaqMan® Gene Expression 
Assay in a reaction volume of 20 μl was added to the wells of a MicroAmp® EnduraPlate™ Optical 96-Well 
Fast Reaction Plate. The qPCR was carried out using a QuantStudio™ 7 Flex Real-Time PCR system and the 
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following protocol: 20 s at 95°C and 40 cycles at 95˚C (1 s) and 60°C (20 s). ΔΔCT analysis was performed 
using the manufacturer’s software package. The efficiency of each TaqMan® Gene Expression Assay used in 
this study was 95-105%.

Immunoblotting
pHBE cells, CFBE41o- WT cells or BHK cells were lysed in RIPA buffer containing 150 mM NaCl, 20 mM 

Tris, 0.1% SDS (w/v), 1% Triton X-100 (w/v), 0.08% sodium deoxycholate (pH 8.0) and a protease inhibitor 
cocktail tablet (Roche). For experiments that involve detection of phosphorylated proteins, RIPA buffer was 
supplemented with a phosphatase inhibitor cocktail tablet (Roche). 40 µg protein was resolved by SDS-
PAGE before transferring to a nitrocellulose membrane. Rabbit anti-PDE8A (1:5000; Abcam; ab109597), 
rabbit anti Phospho-PKA substrate (1:1000; Cell Signalling Technology) rabbit anti-actin (1:2500; Abcam; 
ab8227) or mouse anti-tubulin (1:2000; Sigma) primary antibodies were added to the blot overnight at 
4°C. The membrane was washed with Tris Buffered Saline (TBS) + 0.1% Tween-20 (TBS-T) and secondary 
antibodies conjugated with HRP were added at 1:10,000 dilution in TBS-T for 1 h. To detect HRP activity, 
equal volumes of Amersham™ ECL™ Western Blotting Reagents (GE Lifesciences) were added for 10 min 
before exposing the blot to Kodak Scientific Imaging film for 30 s and processing (Mini-Med/90, AFP 
Imaging) or developing the blot using a ChemiDoc MP Imaging System (Bio-Rad).

Intracellular cAMP measurements using ELISA
24 h prior to study, pHBE or CFBE41o- WT cells were washed 3 x with PBS and cultured in serum- and 

antibiotic-free medium. Cells were then incubated in high Cl- saline solution, stimulated with pharmacological 
agonists, and incubated at 37°C in humidified air containing 5% CO2 for 15 min prior to lysis with 0.1 M 
HCl. cAMP levels were determined using an intracellular cAMP ELISA kit (Enzo Life Sciences) following 
manufacturer’s instructions.

Intracellular cAMP measurements using FLIM-FRET microscopy
The Epac-SH187 FRET construct was a gift from Dr Kees Jalink (Netherlands Cancer Institute). It encodes a 

high affinity Epac1 sensor flanked by a mTurquoise2 donor and tandem Venus acceptorcp173Venus-cp173Venus 
[36]. mTurquoise2-N1 was from Michael Davidson and Dorus Gadella (Addgene plasmid # 54843; http://
n2t.net/addgene:54843 [37]). To target Epac-SH187 to the cell membrane, the first 13 amino acids of Lyn 
tyrosine protein kinase were added to the N terminus by Genscript Biotech (Piscataway, NJ). Elevated cAMP 
concentration induces a conformational change in Epac1 and reduces FRET between the mTurquoise2 and 
Venus regions of the fusion protein, increasing the lifetime of mTurquoise2. One million CFBE41o- WT cells 
were transfected with 3 μg of the FRET constructs using an Amaxa™ 4D-Nucleofector™ System with the 
Amaxa™ P3 Primary Cell 4D-Nucleofector™ X Kit (program DC100) and seeded onto fibronectin-coated, 
35 mm FluoroDish™ (World Precision Instruments, Sarasota FL) cell culture dishes. Experiments were 
performed 24-48 h post transfection. Fluorescence lifetime images were acquired using a Zeiss LSM-710-
FLIM (PicoQuant, Berlin, Germany) microscope at x20 magnification and cells were excited using a 440 
nm laser in pulse mode at 20 MHz. Photons were collected for 120 s using a time-correlated single photon 
counting (TCSPC) device coupled to the microscope and CFP bandpass emission filter (480 ± 20 nm). 
Lifetime measurements of mTurquoise2 were calculated by performing a double exponential, reconvolution 
fit of the TCSPC histogram, which generated the average lifetime using the following equation:

Short circuit current measurements
One day prior to study, pHBE or CFBE41o- WT cells were washed 3 x with PBS and cultured in serum- 

and antibiotic-free medium. Cells were mounted in modified Ussing chambers (Physiologic Instruments, 
San Diego, CA) containing 5 ml saline, which was continuously gassed with 5% CO2/95% O2. Monolayers 
were clamped at 0 mV using a Multichannel Voltage-Current Clamp (Physiologic Instruments) and currents 
recorded using a Powerlab 8SP (AD Instruments, Dunedin, NZ) and analyzed using LabChart 7.0 software. 
Transepithelial resistance (Rte) was monitored by applying a 1 mV pulse (duration: 2 s) every 30 s and 
resistance calculated using Ohm’s Law. All drugs were added apically unless otherwise stated.

 ∑ Amplitude ∙ τ2

∑ Amplitude ∙ τ
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Solutions and reagents
CFTRinh-172 was kindly provided by R. Bridges, Rosalind Franklin Univ. of Medicine and Science, 

North Chicago IL, and Cystic Fibrosis Foundation Therapeutics. Ensifentrine was obtained from Verona 
Pharma (London, UK) and PF-04957325 was obtained from the Compound Transfer Program (Pfizer) and 
MedChem Express. Reagents for cell culture were purchased from Wisent unless otherwise stated, and all 
other reagents were purchased from Sigma-Aldrich. For Isc measurements, in non-permeabilized conditions, 
the basolateral saline solution contained (mM): 115 NaCl, 25 NaHCO3, 1.2 MgCl2, 1.2 CaCl2, 2.4 KH2PO4, 1.24 
K2HPO4, and 10 D-Glucose and the apical saline solution contained (mM): 1.2 NaCl, 115 Na-gluconate, 25 
NaHCO3, 1.2 MgCl2, 4 CaCl2, 2.4 KH2PO4, 1.24 K2HPO4, and 10 D-glucose; In permeabilized conditions, the 
basolateral saline solution contained (mM): 1.2 NaCl, 115 Na-gluconate, 25 NaHCO3, 1.2 MgCl2, 4 CaCl2, 
2.4 KH2PO4, 1.24 K2HPO4, and 10 D-glucose and the apical saline solution contained (in mM) 115 NaCl, 25 
NaHCO3, 1.2 MgCl2, 1.2 CaCl2, 2.4 KH2PO4, 1.24 K2HPO4, and 10 D-Mannitol. All solutions were adjusted to pH 
7.4 when gassed with 5% CO2/95% O2.

Statistical analysis
Data are displayed as mean ± S.D. unless otherwise stated. Sample sizes are displayed as n, the number 

of inserts and N, the number of donors or independent cell cultures where applicable. Statistical analysis 
was performed using GraphPad Prism 5 software. Student’s t-test, one-way ANOVA (with Tukey’s multiple 
comparison post-test) or two-way ANOVA (with Bonferroni post-test) were carried out with p < 0.05 
considered significant. The coefficiency of drug interaction (CDI) was calculated as AB / (A×B), where AB 
represents the effect of both drugs together and A and B represent the effects of drug A and drug B when 
tested individually. A CDI of >1 indicates synergistic stimulation by drugs in combination [38].

Results

PDE8A is expressed in well-differentiated human airway epithelia
We began by assessing PDE8A expression using pHBE cells and comparing its level to 

that of 6 other PDEs for which there is evidence in airway epithelial cells [39-41]. High PDE8A 
mRNA expression was detected in pHBE cell lysates that was comparable to that for PDE4D, 
widely considered to be the main PDE regulating CFTR in HBE cells, after normalization to 
GAPDH (Fig. 1A). These results are consistent with our previous study of pHBE cell lysates 
from three different cell donors [16]. We also observed PDE8A mRNA in CFBE41o- cells that 
stably express wild-type CFTR (CFBE41o- WT), although levels were lower than in pHBE 
cells (Fig. 1B). We assessed PDE8A protein expression by immunoblotting and observed a 
band with the expected molecular mass in both pHBE and CFBE41o- WT cells, again with 
lower expression in the latter. No PDE8A was observed in control BHK cell lysates, however 
a strong band appeared when PDE8A was transiently overexpressed (Fig. 1C). These results 
indicate that PDE8A mRNA and protein are highly expressed in well-differentiated human 
airway epithelial cells and at a low level in the CFBE41o- cell line.

Inhibiting PDE8 in pHBE cells increases basal and forskolin-stimulated [cAMP]i
PDE8 is a high affinity, cAMP-specific PDE [25], therefore its inhibition is predicted to 

elevate [cAMP]i above basal levels. We used the PDE8 selective inhibitor PF-04957325 (PF) 
that has the following IC50’s in vitro: PDE8A = 0.0007 μM, PDE8B <0.0003 μM, and > 1.5 μM 
for all other PDEs tested [26]. Well-differentiated, non-CF pHBEs were treated for 15 min. 
This increased [cAMP]i 1.36 ± 0.11-fold compared to cells treated with vehicle (p < 0.01; 
n=19, N=4; Fig. 2) indicating that basal cAMP levels are regulated by PDE8. PF also enhanced 
forskolin-stimulated cAMP levels from 3.09 ± 0.27 to 4.97 ± 0.55 (p < 0.01; n=16, N=4; Fig. 2). 
The dual PDE3/4 inhibitor ensifentrine (Verona Pharma) and isoproterenol caused larger 
increases in [cAMP]i that were not further elevated by PF (Fig. 2). These results suggest that 
PDE8 regulates cAMP levels in pHBE cells.
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Inhibiting PDE8 stimulates CFTR-dependent secretion by pHBE cells
Having established that PDE8 inhibition modulates [cAMP]i in well-differentiated, non-

CF pHBE cells, we next measured Isc responses to determine if PDE8 inhibition increases 
CFTR activity. Under basal conditions, PF increased the Isc by 1.67 ± 1.50 μA cm-2 (p < 0.0001 
vs DMSO; n=31; N=7) and this response was abolished by the CFTR channel inhibitor 
CFTRinh-172 (Fig. 3A). We then compared the Isc response to PDE8 inhibition after cells 
had been pre-treated with forskolin, isoproterenol or adenosine (Fig. 3B-3D). These cAMP 
elevating agents caused Isc increases in the rank order forskolin > isoproterenol > adenosine 
(Fig. 3E). Adding PF after these agents further enhanced Isc by 2.68 ± 0.43 μA cm-2, 5.29 ± 0.65 
μA cm-2 and 2.61 ± 0.34 μA cm-2, respectively (n = 11-18, N=3-4; Fig. 3F). The increase with PF 
was larger during stimulation by isoproterenol than in unstimulated cells, or in cells exposed 
to forskolin or adenosine (p<0.01; Fig. 3F). These results demonstrate that inhibiting PDE8 
stimulates CFTR under both basal and stimulated conditions and is most effective for the β2-
adrenergic receptor agonist isoproterenol.

We compared responses to PF to other PDE inhibitors in human airway epithelium 
after pre-stimulation by forskolin or isoproterenol. Neither milrinone (PDE3 inhibitor) nor 
sildenafil (PDE5 inhibitor) further increased stimulation by forskolin or isoproterenol (Fig. 
4), whereas roflumilast (PDE4 inhibitor) increased forskolin and isoproterenol-stimulated Isc 
by 9.72 ± 1.09 μA cm-2 (n=9, N=3) and 15.85 ± 2.90 μA cm-2 (n=9, N=3), respectively (Fig. 4C). 

Fig. 1. PDE8A mRNA and protein is expressed in human airway epithelial cells. (A) and (B) mRNA expres-
sion for different PDE isoforms in polarized, well-differentiated non-CF pHBEs or CFBE41o- WT cells re-
spectively. Data represents the expression of each PDE isoform after normalization to GAPDH in the same 
sample. Data expressed as mean ± S.D. of n = 5 different patients (pHBE) and n = 3 independent cultures 
(CFBE41o- WT). (C) immunoblot of non-CF, primary HBE and CFBE41o- WT cell lysates, and BHK cells 
transfected or not with 3 µg PDE8A cDNA. Immunoblots were performed on protein lysates generated from 
3 independent cell cultures.

Fig. 2. Inhibiting PDE8 increases [cAMP]i in non-CF, primary 
HBE cells. Polarized, well differentiated non-CF pHBE cells were 
treated for 15 min with DMSO, PF (PF-04957325, 500 nM), for-
skolin (Fsk, 2 μM), Fsk + PF, ensifentrine (Ens; 10 μM), Ens + PF, 
isoproterenol (Iso; 1 µM) or Iso + PF then lysed and analysed for 
[cAMP]i using ELISA. [cAMP]i was normalized for intracellular 
protein concentration (pmol cAMP per mg of cellular protein) 
and levels under different conditions are expressed relative to 
those in vehicle (DMSO)-treated cells. Mean ± S.D., n = 9-19; 
N=3-4. ** = significant increase vs. DMSO treated cells (p<0.01; 
****p<0.0001). † = significant effect of PF in FSK-stimulated cells 
(p<0.01).
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Roflumilast was more effective than PF in stimulating CFTR-dependent Isc, confirming PDE4 
as the predominant PDE that regulates CFTR in well differentiated pHBE cells. However, the 
data indicate that PDE8 also has an important functional role.

Fig. 4. PDE4 is the predominant PDE regulating CFTR in non-CF 
pHBE cells Polarized, well differentiated primary HBE cells were 
mounted in Ussing chambers and Isc was measured. In each experi-
ment, cells were first treated with apical amiloride (Amil; 100 μM) 
to block ENaC-dependent currents. CFTRinh-172 (172; 10 μM) was 
added to establish that changes in Isc were CFTR-dependent. ATP 
(100 μM) was added at the end to confirm that the cells were func-
tional. (A) and (B) show representative experiments in which cells 
were pre-stimulated with forskolin (Fsk; 2µM) or isoproterenol (Iso; 
1 µM) respectively followed by roflumilast (1 µM) or PF (500 nM). 
(C) summary of Isc responses to the PDE inhibitors milrinone (Mil; 
10 μM), roflumilast (Rofl; 1 μM), sildenafil (Sil; 10 μM) and PF (500 
nM). Mean ± S.D., n = 3-10; N=3. * Significant effect of PDE vs DMSO 
pre-treatment (p<0.05; ** p<0.01; *** p<0.001). † Significant vs Rofl 
in forskolin-stimulated cells (p<0.001) ‡ significant vs Rofl in iso-
proterenol-stimulated cells (p<0.01).

Fig. 3. Inhibiting PDE8 stimu-
lates CFTR-dependent Isc in 
non-CF, primary HBE cells. Po-
larized, well differentiated pri-
mary HBE cells were mounted 
in Ussing chambers and Isc was 
measured. In each experiment, 
cells were treated with api-
cal amiloride (Amil; 100 μM) 
to block ENaC-dependent cur-
rents and CFTRinh-172 (172; 
10 μM) was used to test if Isc 
was CFTR-dependent. ATP 
(100 μM) was added at the end 
of each experiment to confirm 
that the cells were functional. 
(A) (B) (C) and (D) show typical traces demonstrating effect of PF in basal, adenosine (Ado; 10 µM), isopro-
terenol (Iso; 1 µM) and forskolin (Fsk; 2 μM)-stimulated cells respectively. (E) summary of the increases in 
Isc produced by each cAMP agonist **** significant between Ado vs Iso and Ado vs Fsk (p<0.0001) † signifi-
cant between Fsk vs Iso (p<0.01) Data represents mean ± S.D.; n = 7-26; N=3. (F) summary of the increase 
in Isc produced by PF after pre-stimulation. Mean ± S.D..; n = 11-24; N=4-5. * Significant vs control (i.e. no 
pre-stimulation) (p<0.05; **** p<0.0001). † Significant vs Ado (p<0.001); ‡ significant vs Fsk (p<0.01).
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Inhibiting PDE8 enhances the CFTR response to PDE4 inhibitors and vice versa
We next compared the effects of PDE inhibitors individually and in combination under 

basal conditions. Without prestimulation, neither milrinone nor sildenafil stimulated Isc 
across well-differentiated pHBE cells whereas PF, roflumilast and ensifentrine all generated 
small, but significant increases in Isc (Fig. 5A and 5B). This implies that PDE4 and PDE8 
inhibitors may cause similar elevation of basal cAMP levels in pHBE cells (Fig. 5C). Pretreating 
cells with PF enhanced roflumilast and ensifentrine stimulation of Isc by 2.25 ± 1.13 fold 
(p < 0.05; n = 5, N = 2; Fig. 5C) and 3.83 ± 0.83 fold, respectively (p < 0.05; n = 6-9, N = 2, Fig. 
5C) but did not affect milrinone- and sildenafil-stimulated currents. Conversely, pretreating 
cells with roflumilast or ensifentrine increased the PF response by 4.43 ± 1.41 fold (p < 0.05; 
n=5, N=2; Fig. 5D) and 4.50 ± 1.18 fold (p < 0.01; n = 6, N = 2; Fig. 5D), respectively, but did 
not alter responses to milrinone or sildenafil. The calculated coefficiency of drug interaction 
(CDI) was greater than 1, indicating that PDE4 and PDE8 inhibitor effects on CFTR activity 
are synergistic when used in combination.

PDE8 inhibition does not cause a measurable increase in global [cAMP]i in CFBE41o- WT 
cells
Having shown that PDE8 regulates CFTR in pHBE cells, we next used polarized 

CFBE41o- WT cells as a model to further explore PDE8-dependent regulation of CFTR given 
that they express PDE8A mRNA and protein, albeit at lower levels than pHBE cells (see Fig. 
1). Measurements of [cAMP]i using ELISA showed that PF did not elevate total [cAMP]i above 
that of DMSO-treated cells (fold increase = 1.45 ± 0.28; p > 0.05 vs DMSO; n = 20, N = 5; Fig. 
6A). Forskolin and ensifentrine both increased [cAMP]i compared to DMSO-treated cells (fold 
increase = 134.9 ± 25.39 and 11.67 ± 2.97 respectively; p < 0.001 vs. DMSO; n = 7-12; N = 3), 
however there was no further increase when either treatment was combined with PF (Fig. 
6A). We also measured [cAMP]i in CFBE41o- WT cells using Fluorescence lifetime imaging 
microscopy (FLIM) with the high affinity Exchange protein activated by cAMP (EPAC)-based 
Förster resonance energy transfer (FRET) sensor EPAC-SH187, which consists of EPAC flanked 

Fig. 5. PDE4 inhibitors enhance 
CFTR stimulation by PDE8 inhibi-
tion and vice versa. Polarized, well 
differentiated primary HBE cells 
were mounted in Ussing cham-
bers and Isc was measured. In each 
experiment, cells were first treat-
ed with apical amiloride (Amil; 
100 μM) to block ENaC-dependent 
currents. CFTRinh-172 (172; 10 μM) 
was added to establish that chang-
es in Isc were CFTR-dependent. ATP 
(100 μM) was added at the end to 
confirm that the cells were func-
tional. (A) shows a representative 
experiment in which the effect of 
PDE4 inhibition was assessed after 
PF pre-stimulation and (B) shows a representative experiment in which the effect of PF was assessed after 
PDE4 inhibition. (C) summary of the effect of the PDE inhibitors milrinone (Mil; 10 μM), roflumilast (Rofl; 
1 μM), sildenafil (Sil; 10 μM) and ensifentrine (10 µM) in either non-stimulated conditions or after cells 
were prestimulated with PF (500nM) ** significant effect vs DMSO in non-stimulated conditions (p<0.01; 
*** p<0.001). † Significant effect of PF prestimulation (p<0.05). Data represents mean ± S.D., n = 3-9; N=2. 
(D) summary of the effect of PDE pre-stimulation on the Isc responses to PF (500 nM). Mean ± S.D., n = 4-6; 
N=2. * Significant effect of prestimulation by roflimulast or ensifentrine (p<0.05; ** p<0.01).



Cell Physiol Biochem 2021;55:784-804
DOI: 10.33594/000000477
Published online: 23 December 2021 792

Cellular Physiology 
and Biochemistry

Cellular Physiology 
and Biochemistry

© 2021 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG

Turner et al.: Phosphodiesterase 8A Regulates CFTR Activity

by the donor mTurquoise 2 and the tandem repeat acceptor Venus [36]. With this probe, 
increased [cAMP]i is detected by measuring the fluorescence lifetime of the FRET donor 
mTurquoise2 as a readout for reduced FRET. Fig. 6B shows typical images collected during 
experiments. Fig. 6C summarizes the effect of cAMP agonists on mTurquoise2 lifetime. 

Fig. 6. PDE8 inhibition does not increase global cAMP levels measurably in CFBE41o- WT cells. (A) Well-
differentiated CFBE41o- WT cells were treated for 15 min with vehicle (0.1% DMSO), PF (500 nM), forskolin 
(Fsk; 2 μM), Fsk + PF, ensifentrine (Ens; 10 µM) or Ens + PF. Cells were then lysed and [cAMP]i quantified 
by ELISA. [cAMP]i was normalized to intracellular protein concentration (pmol cAMP per mg of cellular 
protein) and each treatment condition was normalized to DMSO treated cells. **** = significant increase vs. 
DMSO treated control cells (p<0.0001). Data represents mean ± S.D., n = 7-20; N=3-4. (B) Representative 
FAST-FLIM images from CFBE41o- WT cells expressing EPAC-SH187 stimulated with PF (500 nM), forskolin 
(FSK; 2 µM) and forskolin + PF. (C) summary of the effect of each agonist on mTurquoise2 lifetime. **** = 
significant increase in mT2 lifetime vs basal conditions. Data represents mean ± S.D., n = 8-88; N=2-11. (D) 
Representative FAST-FLIM images in CFBE41o- WT cells expressing Lyn-EPAC-SH187 stimulated with PF (500 
nM), isoproterenol (ISO; 1 µM) and isoproterenol + PF. (E) summary of the effect of each agonist on mTur-
quoise2 lifetime. *** = significant increase in mT2 lifetime vs basal conditions (p<0.001). Data represents 
mean ± S.D., n = 12-16; N=2. (F) Representative immunoblot demonstrating effect of PF (500nM), forsko-
lin (FSK; 2 µM), and isoproterenol (ISO; 1µM) on phosphorylation of PKA substrates. (G) summarizes fold 
changes in band intensity measured by densitometry and normalized to that of α-tubulin. Mean ± S.D., N=3. 
** significant effect vs DMSO (p<0.01).
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PF did not change the fluorescence lifetime of mTurquoise2 when compared with untreated 
cells (2.08 ± 0.02 ns vs 2.05 ± 0.01 ns; n=31-88, N = 5-7; p>0.05) indicating [cAMP]i was not 
increased, in contrast to forskolin, adenosine and ensifentrine, which induced significant 
increases in [cAMP]i that were not further enhanced by PF. FRET-FLIM measurements were 
also made in cells using a modified EPAC-SH187 that was targeted to the membrane by N-terminal 
fusion of a Lyn tyrosine kinase sequence. However, targeting the FRET-FLIM sensor to the 
plasma membrane did not produce measurable PF-induced changes in the fluorescence 
lifetime of mTurquoise2 in control or isoproterenol-stimulated cells (Fig. 6D-6E). These 
results indicate that any increases in cAMP due to PF are below the detection threshold for 
the FRET sensor. As an alternative method for detecting of cAMP/PKA signalling, we tested 
whether PKA-dependent protein phosphorylation is broadly increased by PDE8 inhibition by 
probing immunoblots using an antibody that detects phosphorylated serine and threonine 
residues with arginine at the -3 and -2 positions (RRXS*/T*) as occurs in dibasic consensus 
PKA sites. A representative immunoblot is shown in Fig. 6F. Densitometry confirmed that 
forskolin and isoproterenol both caused significant phosphorylation of PKA substrates 
whereas PF did not (Fig. 6G). These data are consistent with the ELISA experiments and 
confirm that PF does not cause a detectable increase in global [cAMP]i in CFBE41o- WT cells.

Inhibiting PDE8 stimulates CFTR-dependent Isc in CFBE41o- WT cells
Although PF did not increase [cAMP]i measurably in CFBE41o- WT cells, CFTR activation 

was detectable at 300 nM PF and was further increased at higher concentrations (Fig. 7A and 
7B). At 500 nM, the PF stimulation was highly significant (4.69 ± 0.50 μA cm-2; n = 18; N = 5; 

p < 0.001 vs. DMSO) and sensitive to CFTRinh-172 (Fig. 7C). We next assessed the effect of 
inhibiting PDE8 in cells pre-stimulated with forskolin, isoproterenol or adenosine (Fig. 7D-
7F). Forskolin caused the largest increase in Isc (61.84 ± 2.63 μA cm-2; n = 13, N = 3) followed 
by isoproterenol (34.04 ± 3.38 μA cm-2; n = 13, N = 3) and adenosine (22.18 ± 1.76 μA cm-2; 
n = 13, N = 3), similar to results with well-differentiated pHBE cells (compare summary in Fig. 
7G with Fig. 3E). PF responses were inversely proportional to the prestimulation; i.e. acute PF 
responses were largest after adenosine, intermediate after isoproterenol, and smallest after 
forskolin (Fig. 7H). We also compared the effects of different PDE inhibitors on unstimulated 
CFBE41o- WT cells. Milrinone had no effect whereas roflimulast and ensifentrine both 
produced robust CFTR-dependent currents that were larger than those elicited by sildenafil 
and PF (Fig. 7I). These results indicate there is substantial cAMP production in CFBE41o- 
WT cells under control conditions which is mostly degraded by PDE4.

PDE8 inhibition increases Isc by direct activation of CFTR at the apical membrane
The functional responses in CFBE41o- WT made it possible to localize the effects of PF. 

We measured Isc while permeabilizing the basolateral membrane in the presence of a reversed 
transepithelial Cl- gradient (i.e. from basolateral-to-apical to apical-to-basolateral to minimize 
cell swelling). Nystatin produced a negative Isc of 25.78 ± 3.78µA cm-2 (p<0.001 vs. control; 
n = 24; N=4), as expected when transepithelial Cl- flux is rate-limited by the conductance of the 
apical membrane (Fig. 8A). PF stimulated an Isc of 33.72 ± 9.62 µA cm-2 (n = 3-9; N=3; Fig. 8B) 
demonstrating that it acts at the apical membrane. Basolateral permeabilization increased 
the response to PF more than to forskolin or ensifentrine suggesting those treatments may 
normally raise [cAMP]i sufficiently to activate basolateral K+ channels [42, 43]. In support of 
this interpretation, pre-treating unpermeabilized cells with the KCNQ1 inhibitor Chromanol 
293B caused a small decrease in forskolin-stimulated Isc but had no effect on the response 
to PF (Fig. 8C). Together, these data demonstrate that PDE8 inhibition causes a localized 
activation of CFTR at the apical membrane of airway epithelia.
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Fig. 7. PDE8 inhibition stimu-
lates CFTR-dependent Isc in CF-
BE41o- WT cells. Polarized, well 
differentiated CFBE41o- WT 
cells were mounted in Ussing 
chambers and Isc was measured. 
(A) shows representative trace 
demonstrating effect of increas-
ing PF concentration on Isc. (B) 
displays the concentration-re-
sponse curve. * Significant in-
crease in Isc (p<0.05; **p <0.01; 
*** p<0.001). Data represents 
mean ± S.D.; n=10; N=3. (C), (D), 
(E) and (F) show representative 
traces demonstrating effect of 
PF (500nM) in basal, adenosine 
(10 µM), isoproterenol (1 µM) 
and forskolin (2 μM)-stimulated 
cells respectively. (G) summary 
of the increases in Isc produced 
by each cAMP agonist **** significant between Iso vs Fsk and Ado vs Fsk (p<0.0001) ** significant between 
Ado vs Iso (p<0.01) Data represents mean ± S.D..; n = 13; N=4. (H) summary of the increase in Isc produced 
by PF after pre-stimulation. **** significant vs control (i.e. no pre-stimulation) (p<0.0001) † significant be-
tween Ado vs Iso (p<0.0001). Data represents mean ± S.D..; n = 10-11; N=4. (I) summary of the increase in Isc 
produced by PDE inhibitors milrinone (Mil; 10 µM), roflimulast (Rofl; 1 µM), sildenafil (Sil; 10 µM) ensifen-
trine (Ens; 10 µM) and PF (500 nM). Mean ± S.D..; n = 3-9; N=2. **significant vs DMSO (p<0.01; *** p<0.001).

Fig. 8. PF stimulates Isc by activating apical CFTR-dependent Cl- 
secretion. Polarized, well differentiated CFBE41o- WT cells were 
mounted in Ussing chambers and Isc was measured. (A) shows 
a typical recording during permeabilization of the basolateral 
membrane by Nystatin (Nys; 200 µg ml-1). Cells were subsequent-
ly exposed to PF (500 nM), CFTRinh-172 (172; 10 μM) and ATP 
(100 μM) to confirm viability. (B) summary of Isc responses with 
and without permeabilization of the basolateral membrane when 
exposed to PF, forskolin (Fsk; 2 µM) and ensifentrine (10 μM) ** = 
significant effect of permeabilization (p<0.05; **** = p<0.0001). 
Data represents mean ± S.D., n = 3-10; N=3. (C) effect of pretreat-
ing cells with Chromanol 293B (20 μM) on the Isc response to 
PF (500 nM) and forskolin (2μM). Mean ± S.D., n = 10-12; N=3. 
* Effect of Chromanol 293B (p<0.05).
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MRP4 influences PDE4- but not PDE8-regulated cAMP signalling
Several multidrug resistance proteins export cyclic nucleotides and one of these, MRP4, 

was implicated in the regulation of CFTR in the intestine when Mrp4 knockout mouse 
were found to have increased susceptibility to cAMP-induced secretory diarrhoea [44]. To 
examine the impact of MRP4 on Isc responses to PDE inhibitors, CFBE41o- WT cells were 
treated sequentially with vehicle or the MRP4 inhibitor ceefourin1 (20 µM [45]) followed 
by PF (500 nM) or ensifentrine (1 µM) (Fig. 9A, B). Ceefourin1 alone did not increase basal 
Isc, suggesting there is little if any MRP4-dependent cAMP efflux under control conditions 
(Fig. 9A, B). The response to PF was also unaffected by ceefourin1 whereas stimulation by 
ensifentrine was increased >50% (Fig. 9C). These results show that MRP4 modulation of 
functional responses to cAMP e.g. CFTR-dependent Isc, depends on the PDE inhibitor used 
and does not suppress the response to PF.

PDE8A knockdown using CRISPR Cas9 reduces PF stimulation of CFTR
If the stimulation by PF results from inhibition of PDE8A, it should be reduced 

by knockdown of PDE8A expression. To test this prediction, CFBE41o- WT cells were 
cotransfected with CRISPR gRNA targeting PDE8A and Cas9 as described in the Methods and 
clones were selected. One clone had a 64 ± 3% reduction in PDE8A mRNA according to qPCR 
(Fig. 10A) and 89 ± 5% reduction in protein expression in immunoblot when compared 
to the negative control (p < 0.0001; N = 3; Fig. 10A-10C). PDE8A knockdown strongly 
inhibited the Isc response to PF under both basal and adenosine-stimulated conditions (Fig. 
10D-10H), supporting the conclusion that PF effects are mediated by inhibition of PDE8A. 
CFTR expression was increased by CRISPR gene editing in both scrambled control and 
PDE8A knockdown cells (see Fig. 10A-10B). This unexpected off-target effect strengthens 
the conclusion that PDE8A mediates the effects of PF on Isc since responses were reduced 
relative to negative and scrambled controls despite increased CFTR expression.

PDE8A inhibition increases activation of rescued F508del/F508del CFTR in pHBE cells
Having shown that PDE8A regulates wild-type CFTR in both pHBE and CFBE41o- cells, 

we next examined the efficacy of PDE8A inhibition after partial rescue of mutated CFTR 
using clinically approved modulators. Well-differentiated pHBE cells from two F508del 
homozygous patients were treated with vehicle or the modulators VX-445 + VX-661 + VX-770 
for 24 h to mimic the clinically approved drug Trikafta™ [46, 47]. Forskolin and isoproterenol 
did not alter Isc when cells were pre-treated with vehicle but did cause stimulation when 
cells were pretreated with CFTR modulators, consistent with partial rescue of F508del CFTR 
(Fig. 11A, B, D, E). For patient A, PF enhanced forskolin- and isoproterenol-stimulated Isc 
responses to the same level as roflumilast and both PDE inhibitors had more pronounced 

Fig. 9. MRP4 inhibition modulates PDE4 but not PDE8-dependent cAMP signalling. (A) and (B) Representa-
tive traces in which CFBE41o- WT cells were mounted in Ussing Chambers and treated with either vehicle 
(DMSO) or ceefourin 1 (20 µM) prior to acute stimulation with either PF (500 nM) or ensifentrine (1 µM). 
(C) summary of the effect of ceefourin on the response to PDE inhibitor. Mean ± S.D., n = 5-14; N=3. ** p<0.01.
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effects after stimulation by isoproterenol compared to forskolin (Fig. 11C). CFTR modulators 
were less efficacious in cells from patient B, and neither PF nor roflumilast enhanced 
forskolin-stimulated Isc (Fig. 11D). Surprisingly, the increase in isoproterenol-stimulated Isc 
was larger with PF than with roflumilast despite roflumilast inducing larger effects in non-CF 
cells (Fig. 4). These results confirm the variation between individuals in responsiveness to 
corrector drugs [48] and indicate that PDE8A inhibitors may be beneficial for the treatment 
of F508del/F508del patients when combined with CFTR modulators.

PDE8A inhibition stimulates CFTR activity in F508del/R117H-5T pHBE cells
In previous studies we showed that ensifentrine increases the activity of CFTR class 

III (gating) and class IV (permeation) mutants in Fisher rat thyroid cells and the class IV 
mutant R117H endogenously expressed in pHBE cells [16, 20]. To examine the effect of PDE8 
inhibition on R117H CFTR, pHBE cells from a CF patient with the genotype F508del/R117H-
5T were differentiated at the air-liquid interface, treated with the CFTR modulators VX-809 
and VX-770 for 24 h, and then studied in Ussing Chambers (Fig. 12A-B). F508del/R117H-5T 
cells did not respond to PF alone (Isc increase: -0.15 ± 0.07 μA cm-2; p > 0.05 vs. DMSO; n = 4, 
N = 1; Fig. 12C); however, PF did increase Isc by 2.17 ± 0.24 μA cm-2 in F508del/R117H-5T 
cells that had been pretreated with forskolin (p < 0.001 vs. DMSO; n = 3, N = 1; Fig. 12C). 
These results demonstrate that PDE8A inhibition enhances the activation of mutant CFTR 
(F508del/R117H-5T) after partial rescue by CFTR modulators, encouraging development of 
PDE8A inhibitors as an adjunct therapy for CF.

Fig. 10. PDE8A knockdown 
in CFBE41o- WT cells attenu-
ates stimulation of CFTR by 
PF. CFBE41o- WT cells trans-
fected with Cas9 and CRISPR 
gRNA targeting PDE8A or 
Scrambled and cultured from 
single clones to generate a 
stable cell population. Cells 
were studied on transwell 
inserts after 1 week of air-
liquid interface culture. (A) 
expression of PDE4D, PDE8A 
and CFTR mRNA in nega-
tive control (no gRNA and 
Cas9 expression), Scrambled 
gRNA and PDE8A gRNA ex-
pressing cells after normaliz-
ing to GAPDH. *** significant 
effect of PDE8A knockdown 
(p<0.001). Data represents 
mean ± S.D., N=3 (B) repre-
sentative immunoblot show-
ing PDE8A and CFTR protein 
expression in non-CF pHBE and CRISPR Ca9 CFBE41o- WT cells. (C) summary of the protein expression 
when normalized to α-tubulin expression. **** significant effect of PDE8A knockdown (p<0.0001) Data 
represents mean ± S.D., N=3. (D) and (E) representative traces showing stimulation of Isc in CRISPR Cas9 
CFBE41o- WT cells by adenosine (Ado; 10 µM) and PF (500nM) or PF alone respectively. (F) summarizes 
the stimulation of Isc by Ado. Data represents mean ± S.D., n = 12; N=3. (G) summarizes the stimulation of Isc 
by PF in Ado pre-stimulated cells. **** significant effect of PDE8A knockdown (p<0.0001). Data represents 
mean ± S.D., n = 12; N=3. (H) summarizes the stimulation of Isc by PF under basal conditions. Mean ± S.D., n 
= 11; N=3. **** significant effect of PDE8A knockdown (p<0.0001).
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Discussion

In the present study we have demonstrated robust expression of PDE8A in well-
differentiated human airway epithelial cells and provided the first evidence that it regulates 
CFTR channel activity. Acute inhibition enhances the stimulation of F508del CFTR and 
R117H CFTR channel activity after partial rescue by CFTR modulators, suggesting PDE8A as 
a potential target for CF therapeutics.

Fig. 11. CFTR modulators re-
store cAMP-stimulated F508del 
CFTR activity which is further 
potentiated by PDE8 inhibition. 
Well-differentiated pHBE cells 
isolated from two F508del/
F508del patients were pre-
treated for 24 h with the CFTR 
modulators VX-445 (3 µM), VX-
661 (3 µM) and VX-770 (10 nM) 
before being mounted in Ussing 
Chambers for measurements of 
Isc. (A) and (D) show represent-
ative traces for two different pa-
tients. Cells were treated with 
apical amiloride (Amil; 100 μM) 
before cAMP stimulation with 
either forskolin (FSK; 2 µM) or 
isoproterenol (ISO; 1µM) and 
addition of PDE inhibitors PF (500nM) or roflumilast (1 µM). CFTRinh-172 (172; 10 μM) was added to test if 
Isc was CFTR-dependent before ATP (100 μM) was added at the end of each experiment to confirm that the 
cells were functional. (B) and (E) summarizes the effect of CFTR modulators on cAMP-stimulated CFTR ac-
tivity in each patient respectively. Data represents mean ± S.D., n = 4-10. (C) and (F) summarizes the effect of 
PF or Rofl on forskolin and isoproterenol-stimulated cells that had been pre-treated with CFTR modulators. 
Mean ± S.D., n = 4-5. * Significant difference between PF and Rofl in isoproterenol-stimulated cells (p<0.05).

Fig. 12. Inhibiting PDE8 stimulates CFTR-dependent Isc in forskolin-stimulated F508del/R117H-5T pri-
mary HBE cells. Well-differentiated pHBE cells isolated from one F508del/R117H-5T patient were pre- 
treated for 24 h with the CFTR modulators VX-809 (1 µM) and VX-770 (10 nM) before being mounted in Ussing 
Chambers for measurements of Isc. (A) and (B) show representative traces showing cells stimulated with PF 
(500 nM) under basal conditions or after pre-stimulation with forskolin Fsk (2 µM). (C) summarizes the Isc 
responses to PF. Data are means ± S.D., n = 3-4. *** significant vs vehicle in Fsk-stimulated cells (p<0.001); 
† significant effect of Fsk pre-stimulation (p<0.001).
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Several physiological functions have been proposed for PDE8 since it was first reported 
in 1998 [49]. It co-immunoprecipitates with Raf-1, a component of the MEK-ERK signalling 
pathway, and has been proposed to suppress Raf-1 phosphorylation by maintaining low 
cAMP levels [50]. It regulates effector T cell (Teff) attachment to the vascular endothelium 
in response to injury [26], and regulation of cAMP-stimulated, Ca2+-dependent contraction 
in ventricular myocytes has been suggested based on studies of PDE8A knock-out mice 
[28]. PDE8 inhibition reduces breast cell cancer migration, implicating it in breast cancer 
metastasis [29]. It has been studied in airway smooth muscle and suggested as a potential 
drug target in asthma [33]. The present work, for the first time, indicates a role CFTR 
regulation in airway epithelial cells.

PDE8 regulates CFTR in pHBE cells
[cAMP]i was elevated in well-differentiated pHBE cells by exposure to the PDE8 inhibitor 

PF-04957325 (PF) under basal conditions (Fig. 2) and this increase was accompanied by 
stimulation of CFTR (Fig. 3). Thus, PDE8 regulates basal cAMP levels and helps maintain 
CFTR in a quiescent state in resting cells. Basal [cAMP]i has not been measured in pHBE 
cells however it is estimated to be ~ 1 µM in CHO cells based on the FRET-based PKA-
activity reporter AKAR3 [51]. A role of PDE8A under basal conditions fits well with its 
45-fold higher affinity for cAMP compared to human PDE4D [25], which is the dominant 
enzyme regulating cAMP-dependent CFTR activity in pHBE cells as evidenced by the large 
increases in [cAMP]i and stimulation of CFTR produced by roflumilast and ensifentrine (Fig. 
2, 4 and 5). PDE8A does not appear functionally coupled to the β2 adrenergic receptor as 
the elevation of [cAMP]i induced by isoproterenol was not potentiated by PF. This contrasts 
with β2 adrenergic receptor signalling in human airway smooth muscle cells [33], and in 
ventricular myocytes from PDE8A knockout mice where alterations in cAMP levels are 
only detected during isoproterenol stimulation [28]. In the present study, inhibiting PDE8A 
enhanced isoproterenol stimulated CFTR-dependent currents to a greater extent than 
forskolin or adenosine (Fig. 3), consistent with compartmentalized regulation of CFTR by 
local β2 adrenergic receptors and PDE8A that did not correspond with measured changes in 
global [cAMP]i. A discrepancy between [cAMP]i and CFTR responses was noted previously 
in Calu-3 cells, where adenosine and forskolin caused similar activation of CFTR despite 
9-fold higher [cAMP]i during forskolin stimulation [52]. In summary PDE8A suppresses 
CFTR activity in both basal conditions and when activated by low levels of cAMP induced by 
physiological agents.

When pHBE cells were stimulated with cAMP-elevating agents, PF enhanced CFTR 
activity more than milrinone or sildenafil (Fig. 4) but less than roflimulast and ensifentrine, 
confirming PDE4 as the predominant PDE regulating CFTR in pHBE cells [16, 17, 39, 53]. 
Interestingly, PDE8 inhibition enhanced the response to PDE4 inhibitors and vice versa (Fig. 
5). PDE4 and PDE8A are both activated by PKA phosphorylation [54], therefore inhibiting 
one PDE may promote phosphorylation and activation of the other. Synergism between 
PDE4 and PDE8 inhibitors has been reported for cAMP-regulated testosterone production 
in Leydig cells and progesterone synthesis in MA-10 cells [31, 55] while PDE4 and PDE8 
inhibitors produce synergistic phosphorylation of many proteins in Leydig cells [56]. The 
PDE4 and PDE8 relationship is intriguing and studies into dual PDE4/8 inhibitors, such as 
those described by Demirbas, et al. [55] would provide further insights into the role of these 
two PDEs in bronchial epithelia.

PDE8 expression and function in CFBE41o- WT cells
We examined CFBE41o- WT cells as a model for studying CFTR regulation by PDEs, 

although PDE8A expression is lower than in well differentiated pHBE cells (Fig. 1). Inhibiting 
PDE8A did not cause a measurable increase in either global or membrane- associated cAMP nor 
did it induce significant phosphorylation of proteins that possess PKA consensus sequences 
in CFBE41o- WT cells (Fig. 6). However, the high sensitivity of electrophysiological methods 
allowed detection of PF-stimulated CFTR-dependent currents (Fig. 7). Isc responses to PF 
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were similar in pHBE cells and CFBE41o- WT cells (compare Fig. 3E and 7G) suggesting that 
high CFTR expression in CFBE41o- cells after lentiviral transduction helps offset lower PDE8 
expression in this cell line. Regardless, PF enhanced adenosine-stimulated Isc in CFBE41o- 
WT cells and the effect was more pronounced than when PF was added after isoproterenol, 
opposite to responses in pHBE cells (compare Fig. 7H and 3F) and airway smooth muscle 
[33]. Differences between pHBE and CFBE41o- WT cells were also observed for cAMP levels 
during forskolin stimulation of CFBE41o- WT compared to pHBE cells consistent with the 
results of Monterisi, et al. [57], who ascribed the difference to cytoskeletal organization. 
This may also contribute to altered responses to PF in pHBE cells compared to CFBE41o- 
cells while differences in PDE8A colocalization with adenosine and β-adrenergic receptors 
or altered receptor densities and/or adenylyl cyclase expression could also be important 
factors. Furthermore, the heterogeneity of differentiated HBE cells [58-60] may confer 
co-expression of CFTR with PDE8A in distinct cell types that are not present in the clonal 
CFBE41o- cell line.

CFTR is localized in a macromolecular complex with the β2AR and multidrug resistance 
protein-4 (MRP4), which can export cAMP and many other substrates [61, 62]. PDE8A 
colocalizes with β2AR in human smooth muscle cells [33] and may also be present in 
epithelial cell microdomains in together with MRP4. These proteins regulate local cAMP 
over very different concentration ranges. The MRP4 inhibitor ceefourin1 had no effect on 
Isc when added alone and therefore probably has little effect on basal cAMP levels (Fig. 9). 
Ceefourin1 also did not enhance the response to PF, probably because MRP4 is not active at 
the low cAMP concentrations degraded by PDE8A (Km = 55 nM). The 800-fold lower affinity 
of MRP4 for cAMP (Km = 45 µM [63]) suggests that it would only influence CFTR activity 
when cAMP levels are elevated. The Isc response to ensifentrine was increased > 50% by 
pretreating cells with ceefourin1, therefore PDE4 inhibition is apparently sufficient to raise 
cAMP concentration into a range where MRP4 activity becomes significant (Fig. 9B, C). These 
results are congruent with MRP4-dependent cAMP efflux from leukaemia cells, which only 
becomes significant during agonist stimulation [64]. A caveat of inferences based on Km is 
that enzyme kinetics are determined in vitro may differ in cells [51], nevertheless PDE8A 
results are compatible with current models for regulation by compartmentalized cAMP 
signaling.

The PF-induced increase in Isc was due to apical CFTR channels activation as it did 
not depend on basolateral conductances involved in transepithelial secretion (Fig. 8). In 
human airway epithelia, the intermediate conductance Ca2+-activated K+ (KCa3.1) channel 
hyperpolarizes epithelial cells and contributes to the electromotive force driving apical 
anion efflux [65, 66] and cAMP-regulated K+ channels formed by KCNQ1/KCNE3 subunits 
contribute to efficient cAMP-stimulated anion secretion in human airway epithelia [42, 43]. 
However, the PF stimulation persisted after permeabilization of the basolateral membrane 
and was unaffected by inhibiting KCNQ1/KCNE3 (Fig. 8). We generated a PDE8A knockdown 
CFBE41o- cell line using CRISPR-Cas9 and found strong inhibition of the Isc response to PF 
under both basal and adenosine-stimulated conditions despite increased CFTR expression 
(Fig. 10). Those results support the conclusion that PF effects are mediated by inhibition of 
PDE8A, although we cannot exclude other off-target effect induced by gene editing such as 
reduced A2B receptor expression. Similarly, we cannot rule out off-target pharmacological 
effects on other enzymes, especially at the highest PF concentrations tested where some 
inhibition of other PDEs is likely (3 – 10 µM; Fig. 7A, B). However, the PF concentration used 
routinely in experiments (500 nM) was lower than in previous studies and should provide 
good selectivity for PDE8 [26, 29, 33, 67].

PDE8 inhibitors may provide benefit for CF patients when used in combination with 
CFTR modulators (Fig. 10-11). PF was surprisingly effective in stimulating Isc across 
F508del/F508del pHBE cells after pretreatment with CFTR modulators (comparable to the 
PDE4 inhibitor roflumilast) and enhanced stimulation by isoproterenol, in agreement with 
previous studies [17]. PF also enhanced activation of endogenously expressed R117H-CFTR 
channel in pHBE that had been pretreated with CFTR modulators. These results identify 
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PDE8 inhibitors as novel therapeutics for CF treatments while the synergistic effects of PDE4 
and PDE8 inhibitors on wild-type CFTR activity suggest that dual PDE4/8 inhibitors could 
be particularly effective.

We recently showed that ensifentrine downregulates pro-inflammatory mediators in 
CF lung airway epithelial cells mainly through inhibition of PDE4 [68], suggesting PDE4 
inhibitors could have beneficial effects on both inflammation and CFTR function. It would 
be interesting to explore anti-inflammatory effects of PDE8 inhibitors in airway epithelium. 
PDE8 inhibition reduces T cell migration and adhesion and therefore may play a role in 
cytokine production by those cells [26, 27]. Roflumilast reduces airway inflammation and 
has immunomodulatory benefits in COPD which may include CFTR stimulation as COPD is 
associated with an acquired CFTR deficiency [69, 70]. Development of an aerosolized dual 
PDE4/8 inhibitor could have improved efficacy for COPD, CF, and other inflammatory lung 
disease.

Conclusion

In summary, we have identified PDE8 as a novel regulator of cAMP-stimulated CFTR-
dependent anion secretion in primary human bronchial airway epithelial cells. Inhibiting 
PDE8 enhances basal and β-adrenergic stimulation of mutant CFTR in CF pHBE cells carrying 
the cftr genotypes R117H-5T/F508del and F508del/F508del after partial rescue by Trikafta. 
These results suggest that PDE8 and PDE4 are both important for controlling CFTR activity 
in well differentiated HBE cells and encourage development of a dual PDE4/PDE8 inhibitor 
for the treatment of COPD and CF.
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