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Abstract Sinonasal respiratory epithelium is a highly regulated barrier that employs muco-
ciliary clearance (MCC) as the airways first line of defense. The biological properties of the
airway surface liquid (ASL), combined with coordinated ciliary beating, are critical compo-
nents of the mucociliary apparatus. The ASL volume and viscosity is modulated, in part, by
the cystic fibrosis transmembrane conductance regulator (CFTR). The CFTR is an anion trans-
porter of chloride (Cl�) and bicarbonate (HCO3

�) that is located on the apical surface of respi-
ratory epithelium and exocrine glandular epithelium. Improved understanding of how
dysfunction or deficiency of CFTR influences the disease process in both genetically defined
cystic fibrosis (CF) and acquired conditions has provided further insight into potential avenues
of treatment. This review discusses the latest data regarding acquired CFTR deficiency and use
of CFTR specific treatment strategies for CRS and other chronic airway diseases.
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Introduction

The sinonasal respiratory epithelium is a highly regulated
barrier that facilitates normal cilia function and mucocili-
ary clearance (MCC). This barrier is made up of a mucus
layer and is part of the innate immune system, representing
an interface between the host and the environment. The
mucus layer functions to trap inhaled particles (i.e. aller-
gens and pollutant particulate matter) and moves in a co-
ordinated fashion via ciliary beat out of the nose and
sinuses into the pharynx where the mucus is ingested and
degraded. The inherent biological properties of the respi-
ratory epithelium include coordinated ciliary beating, and
the airway surface liquid (ASL), both are essential compo-
nents to ensure a functional MCC. The ASL is composed of a
thin, low viscosity, periciliary layer (sol layer) that envelops
the shafts of the cilia and a thick, more viscous layer (gel
layer) that rides on the cilia and periciliary layer.1 The ASL
volume and viscosity is modulated, in part, by the cystic
fibrosis transmembrane conductance regulator (CFTR). This
apical anion channel regulates anion (Cl�and HCO3

�)
secretion and is located on the apical surface of respiratory
epithelium and exocrine glandular epithelium. Genetic
mutations in the CFTR can result in cystic fibrosis (CF) e a
disease that impacts multiple organ systems, including the
sinuses.

CF is the most common lethal inherited disease among
Caucasians and affects up to 30 000 people in the United
States.2 A large number of mutations in the gene encoding
CFTR can lead to poor Cl� and HCO3

� transport and exces-
sive absorption of sodium and water. The ASL becomes
dehydrated under these conditions, resulting in viscous
mucus.3 The cilia cannot function normally, and thus
compromises MCC. The chronic stasis of inspissated mucus
provides bacteria an ideal environment to propagate within
the airways. Increased understanding regarding the role of
CFTR in both genetically defined CF, and acquired condi-
tions has provided a platform for newly defined treatment
strategies that target the basic defect. A number of envi-
ronmental insults including, cigarette smoke, hypoxia/high
altitude, inflammation and infectious agents contribute to
the pathogenesis of chronic rhinosinusitis (CRS), chronic
obstructive pulmonary disease (COPD), chronic bronchitis,
asthma, and pancreatitis by inducing acquired CFTR
dysfunction.4e17

CFTR dysfunction and CRS

Numerous studies have shown associations between CFTR
dysfunction and chronic rhinosinusitis (CRS).12,18e20

Sinusitis is a consistent feature of patients with CF, and
mutations that cause severe CFTR dysfunction or defi-
ciency result in universal inflammatory paranasal sinus
disease. Studies suggest that healthy patients heterozy-
gous for CFTR mutation have an increased likelihood of
developing CRS with and without nasal polyposis.21,22

Carriers with a CFTR mutation have a higher prevalence
of CRS compared with the general population.6 Further-
more, Wang et al23 demonstrated mild dysfunction of the
CFTR might be associated with the development of CRS in
the general population, with 7% of CRS patients identified
to have a CF mutation, which was significantly higher
than 2% of the control group. In addition, pediatric pa-
tients with CRS that did not meet the criteria for the
diagnosis of CF were screened and identified to have a
higher prevalence of CF variant mutations than would be
expected in the general population.24 Using ex vivo
sinonasal tissue Ussing study, Cho et al25 noted decreased
CFTR-mediated Cl� secretion across human sinonasal
epithelia from CRS sinonasal tissues compared to those
from normal controls.
Acquired CFTR dysfunction and tobacco smoke

Tobacco smoke has a significant impact on the upper
and lower airways. In addition to the mutagenic aspects
of toxins in cigarette smoke, inhaled byproducts of to-
bacco combustion are known to impact the clearance of
mucus. One method by which tobacco may confer its
deleterious effects on sinonasal epithelium is by
impacting the function of CFTR.26 Acrolein and cadmium
are implicated in cigarette smoke as the key toxins
affecting CFTR function.27 Prior to the discovery of
CFTR, Welsh28 reported that cigarette smoke extract
decreased Cl� secretion across canine airway epithe-
lium. Over two decades later, Kreindler et al29 identified
that cigarette smoke extract decreased CFTR-dependent
Cl� secretion in human bronchoepithelium. Subsequent
studies have demonstrated smoking impairs CFTR func-
tion. Cigarette smoke decreases the expression of the
CFTR gene, causes protein destabilization, and gated
channel dysfunction in vitro.26,29e31 In 2018, Christensen
et al32 performed a systematic review of the association
between cigarette smoke exposure and CRS. This review
further validated the body of evidence that active
smoking increases the incidence of CRS in smokers. This
was shown in a dose-dependent manner, and that pre-
vious smoker status and passive smoke exposure may be
associated with an increased risk of developing CRS.32e36

They supported previous studies that confirmed children
exposed to passive cigarette smoke in a household did
significantly worse following endoscopic sinus surgery
than those not exposed to smoke.37e39

Studies of healthy non-smokers without CFTR genetic
mutations, exposed to cigarette smoke have also exhibi-
ted CFTR deficiency. Administration of cigarette smoke to
the nares of healthy smokers caused an acute blockade of
CFTR activity, as measured by NPD, suggesting exposure
to cigarette smoke rapidly inhibits CFTR activity in vivo,
as well as reduced ASL hydration in vitro.11,26 Further-
more, cigarette smoke condensate inhibits transepithelial
chloride secretion (through CFTR and calcium activated
chloride channel TMEM16A) and ciliary beat frequency in
upper and lower respiratory airway epithelial cells
in vitro.15,40

Data also suggests CFTR dysfunction from smoking is not
limited to the airway. Extrapulmonary manifestations of
smoking and subsequent CFTR dysfunction may include
pancreatitis, cachexia and male infertility, also charac-
teristic of CF. It is thought that mediators related to
tobacco smoke circulate to cause systemic CFTR
dysfunction.17,26,27



Fig. 1 Hypoxic incubation of human sinonasal epithelial cells
for 12 h at 1% O2 increases amiloride-sensitive short-circuit
current (DISC) while decreasing forskolin-stimulated ISC(A)
Representative Ussing chamber current tracings and (B) sum-
mary of short-circuit current measurements from hypoxia-
induced and control HSNE cultures after administration of
amiloride, forskolin, and CFTRInh-172. By convention, a positive
deflection in the tracing (DISC) represents movement of anion
in the serosal to mucosal direction. Significant findings are
indicated with a bracketed asterisk. Error bars represent
standard error of the mean. CFTRInh-172 Z cystic fibrosis
transmembrane conductance regulator inhibitor 172;
HSNE Z human sinonasal epithelial cells (Adapted from 50).
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Acquired CFTR dysfunction and COPD

Evidence suggests that CFTR dysfunction may play a role in
COPD, non-atopic asthma, and non-CF bronchiectasis.41

The chronic bronchitis phenotype of COPD has a patho-
physiological association and clinical similarity to CF
airway disease. Chronic bronchitis, like CF, is character-
ized by overproduction, poor clearance, and accumulation
of hyperviscous mucus within the small airways.30,42,43

Sloane et al31 revealed reduced CFTR activity measured
by nasal potential difference (NPD) was also predictive of
the severity of bronchitis symptoms, even when controlled
for cigarette smoking, indicating a significant association
with the chronic bronchitis phenotype. Individuals with
smoking related COPD exhibited a decreased CFTR
expression (mRNA levels) and reduced activity, (approxi-
mately 50%) measured by NPD in the upper and lower
airway.31 Research has shown that CFTR expression can be
modulated,26,44 and reversibility has been demonstrated in
the upper airway in studies of patients with COPD. Patients
who no longer smoke have normal Cl� transport on NPD
assay.45

Acquired CFTR dysfunction and hypoxia

Hypoxia has been suggested to play a significant role in
the pathophysiology of CRS among non-CF in-
dividuals.46,47 Obstruction of the sinus ostia can lead to
reduced oxygen tension in the sinus mucosal tissue48 and
release of inflammatory mediators, thereby causing stasis
of hyperviscous mucus. This promotes an ideal environ-
ment for bacterial growth.47 An oxygen-restricted envi-
ronment in individuals with CRS could create regions of
localized acquired CFTR deficiency and may initiate a
cascade effect of ongoing abnormalities of fluid and
electrolytes within the sinuses. In vitro experiments of
hypoxia on ion transport physiology in both murine nasal
septal epithelial (MNSE) and human sinonasal epithelial
(HSNE) cultures, revealed an impaired transepithelial ion
transport related to reduced CFTR function.8 HSNE
incubated in hypoxic environment has a globally
decreased transepithelial Cl� secretion and increased
sodium absorption. These findings indicate that persis-
tent hypoxia may lead to acquired defects in sinonasal
Cl�transport in a fashion likely to confer mucociliary
dysfunction in CRS. Blount et al49 established sinonasal
epithelial CFTR and TMEM16A-mediated Cl� transport and
mRNA expression were robustly decreased in an oxygen-
depleted environment. This was subsequently identified
to reduce ASL and CBF in hypoxic epithelium as measured
by micro optical coherence tomography (Figs. 1 and 2).50

Other studies have investigated hypoxia related to COPD
and confirmed hypoxia causes a reduction in cell surface
CFTR by decreasing steady state CFTR mRNA.45,51 In mice
subjected to hypoxia in vivo, CFTR mRNA expression in
airways, gastrointestinal tissues, and the liver were
repressed. Therefore environmental factors that induce
hypoxic signaling regulate CFTR mRNA and epithelial
Cl�transport in vitro and in vivo.51
Targeting acquired CFTR dysfunction in CRS

Acquired CFTR dysfunction likely plays a key role in many of
the pathways associated with the pathogenesis of CRS and
COPD. It has provided a rationale for extension of traditional
CF treatment to patients with non-CF and represents a po-
tential focus for the development of novel therapeutic ap-
proaches. The fundamentals of CFTR pharmacological
modulation is correction of the underlying defects in the
cellular processing and Cl� channel function of CFTR. Whilst
current therapies treat disease manifestations, such as anti-
inflammatory medication, hypertonic saline, mucolytics,
antibiotics, and pancreatic enzyme replacement therapy,
CFTR potentiators and correctors target the underlying CFTR
anion channel defect. CFTR potentiator compounds increase
the activity of dysfunctional CFTR at the cell surface,
whereas corrector compounds improve defective protein
processing and trafficking to the cell surface.18



Fig. 2 Hypoxia reduces ASL, PCL, and CBF when measured by
micro optical coherence tomography (mOCT). Images demon-
strating ASL and PCL thickness (in mm) in control (A) and
hypoxia-induced (B) HSNE cultures. ASL Z airway surface
liquid; PCL Z periciliary fluid. Summary data of mOCT mea-
surements (C). (CBF in Hertz (Hz)) (Adapted from 50).

Fig. 3 Resveratrol is a robust activator of CFTR-mediated Cl�

secretion in primary sinonasal epithelial cell cultures from
several mammalian species. (A) Representative Ussing cham-
ber tracings demonstrate resveratrol activation of Cl� trans-
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Ivacaftor

Ivacaftor is an oral drug that has a well-established safety
profile and FDA approval for use in CF. It increases Cl�

secretion by potentiating CFTR, actively augmenting
channel gating. This lends itself to pharmacological appli-
cation in COPD, asthma, and CRS. The first clinical study of
ivacaftor for COPD with chronic bronchitis phenotype in
2016 showed promising results with improved CFTR function
following administration.52 Studies have shown that Iva-
caftor augments ASL depth, accelerates MCC, and phar-
macologically reverses acquired CFTR dysfunction due to
cigarette smoke exposure.24,47
port in murine, human, and porcine sinonasal epithelial cell
cultures. (B) Summary data of resveratrol (100 mmol/L) stim-
ulation vs. total stimulation [resveratrol (100 mmol/
L) þ forskolin (20 mmol/L)] for transepithelial Cl� conductance
in murine, human, and porcine primary nasal epithelial cul-
tures. Significant stimulation (P < 0.05) of Cl� transport was
demonstrated in primary sinonasal cultures as compared to
untreated vehicle controls in all species. Resveratrol (as a
percentage of total stimulation) consistently activated be-
tween 50% and 70% of total CFTR-mediated anion transport
(Adapted from 56).
Resveratrol

Resveratrol is an organic polyphenol found in many plants
and vegetables, including the skins of red fruits, trees,
some flowering plants, and peanuts.53,54 Resveratrol is an
immune modulator enhancing CFTR-dependent Cl�secre-
tion in human sinonasal epithelium to an extent compara-
ble to Ivacaftor.8 The drug can stimulate Cl� secretion in
multiple species both in vitro and in vivo.55,56 A 30-minute
apical application of resveratrol increased ASL depth in
normal epithelium and furthermore, hypoxia-induced ab-
normalities of fluid and electrolyte secretion in sinonasal
epithelium were restored with resveratrol treatment (Figs.
3 and 4). CFTR activation with a leading edge Cl� secreta-
gogue such as resveratrol represents another innovative
approach to overcoming acquired CFTR defects in sinus and
nasal airway disease.
L-ascorbate (commonly known as vitamin C)

L-ascorbatehas been identified as a robust Cl� secreta-
gogue. Application of L-ascorbate to the surface of freshly
excised sinonasal tissue stimulated Cl� secretion in a
sustained fashion to 70% (in sinus epithelium from CRS)
and 53.6% (in nasal epithelium from CRS) of maximally
stimulated Cl�currents.25 Insufficient dietary intake of L-



Fig. 4 Resveratrol restores hypoxia-depleted ASL Depth.
Murine nasal epithelial cultures exhibit similar reduction in ASL
with hypoxia as human sinonasal epithelium. Cultures were
incubated for 24 h in 1% oxygen and followed by 30 min incu-
bation with resveratrol or DMSO control vehicle and measured
by confocal laser scanning microscopy (Panel A represents
confocal images, cells e green, ASL - red). Resveratrol treat-
ment significantly mitigated hypoxia-induced reductions in ASL
depth (3.13 � 0.17 mm (DMSO þ hypoxia) vs. 5.55 � 0.74 mm
(resveratrol þ hypoxia) P < 0.05) (B). (Adapted from 8).
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ascorbate, environmental pollutants, and a number of
inflammatory disorders of the airways are known to
severely deplete the pools of this vitamin in ASL or
plasma.57 L-ascorbate levels needed for CFTR stimulation
exceed plasma concentrations even at high oral doses.58

Topical delivery of L-ascorbate to the paranasal sinuses
yields a higher concentration at the target tissues and
may be an effective therapeutic modality for loosening
thick mucus secretions and improving MCC within the
paranasal sinuses.59

Sinupret

Sinupret� has been utilized extensively throughout Europe
for more than 70 years as treatment of airway diseases
associated with inadequate MCC, and has an excellent
safety profile.45 The medication is registered as a regulated
phyto-pharmaceutical in Germany and has been available in
the United States for 9 years where it is considered an
herbal supplement (not regulated by the FDA).45 A ran-
domized, placebo-controlled trial demonstrated Sinupret
either alone or in combination with antibiotics for CRS
demonstrated significant improvement in radiologic out-
comes and headache.60 Studies using upper airway epithe-
lial cells demonstrated that Sinupret likely derives its
clinical benefit, through stimulating transepithelial chlo-
ride secretion, CBF, and MCC.45,61

Conclusion

The role of acquired CFTR deficiency in diseases of
dysfunctional MCC in non-CF individuals has only recently
been elucidated. Targeting acquired CFTR dysfunction in
non-CF airway disease with Cl� secretagogues represents a
novel treatment strategy that may benefit a larger patient
population afflicted with respiratory diseases.
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