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CFTR dysfunction may be part of the pathophysiology of many diseases of the airways. Exploration of
mechanisms of dysfunction and options for CFTR-directed therapies are examined in this article.
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ABSTRACT Cystic fibrosis transmembrane conductance regulator (CFTR) is an ion transporter that
regulates mucus hydration, viscosity and acidity of the airway epithelial surface. Genetic defects in CFTR
impair regulation of mucus homeostasis, causing severe defects of mucociliary clearance as seen in cystic
fibrosis. Recent work has established that CFTR dysfunction can be acquired in chronic obstructive
pulmonary disease (COPD) and may also contribute to other diseases that share clinical features of cystic
fibrosis, such as asthma, allergic bronchopulmonary aspergillosis and bronchiectasis. Protean causes of
CFTR dysfunction have been identified including cigarette smoke exposure, toxic metals and downstream
effects of neutrophil activation pathways. Recently, CFTR modulators, small molecule agents that
potentiate CFTR or restore diminished protein levels at the cell surface, have been successfully developed
for various CFTR gene defects, prompting interest in their use to treat diseases of acquired dysfunction.
The spectrum of CFTR dysfunction, strategies for CFTR modulation, and candidate diseases for CFTR
modulation beyond cystic fibrosis will be reviewed in this manuscript.
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Cystic fibrosis background
Cystic fibrosis is an autosomal recessive genetic disorder with an estimated incidence of about one in 3000
births [1] in a North American (USA) cohort, and is the most common monogenetic disease of people of
Caucasian descent. Cystic fibrosis is caused by a mutation in the cystic fibrosis transmembrane
conductance regulator (CFTR) gene, which leads to various defects in the CFTR protein. In the lung,
CFTR dysfunction is associated with altered mucus clearance, recurrent respiratory infections, and
ultimately respiratory failure characteristic of cystic fibrosis [1]. CFTR is also expressed beyond the
respiratory tract, which commonly presents as pancreatic insufficiency, intestinal obstruction and male
infertility in cystic fibrosis.

Cystic fibrosis shares many features with other airway disorders including altered mucus properties and
clearance [2]. As such, these disorders may lie along a continuum of severity. Due to the shared
pathological findings of impaired mucociliary clearance, altered mucus properties and goblet cell
hyperplasia, common mechanisms of disease have been proposed, including CFTR dysfunction, from
genetic and non-genetic causes [3].

CFTR physiology and contribution to disease
The sinopulmonary tract is continuously exposed to the outside environment. While the lungs and sinuses
have several innate defence mechanisms, of particular importance is the mucociliary clearance apparatus.
The airway mucus layer, a component of the airway surface liquid (ASL), functions as a physical barrier and
a complement to innate immunity by trapping bacteria and harmful particles and is then swept by cilia up
and out of the trachea to be expectorated or swallowed [4]. Normal CFTR function, via transport of chloride
anions into the luminal space, regulates the hydration status of mucus, which is directly associated with
mucociliary transport (MCT) efficiency [5]. In addition, CFTR-mediated transport of bicarbonate is
co-stimulated by mucus release into the airways [6, 7], regulates ASL pH necessary for normal lactoferrin
function and other defensins [8], and aids in mucin post-translational unpacking to impart normal rheologic
properties, including viscosity and transportability. CFTR function also imparts regulation of other ion
channels including the epithelial sodium channel (ENaC) [9]. Dysfunction of CFTR is accompanied by
unopposed ENaC function, contributing to ASL depletion and mucus dehydration [10–12].

Patients in whom CFTR is dysfunctional, either by genetic or acquired causes, may exhibit mucus that is
more viscous, abnormally adherent and more acidic. These changes also inhibit ciliary function [13, 14].
This pathological process translates to decreased mucociliary clearance and increased mucus stasis which,
together with altered host defence, predisposes to chronic infection [15] and dysregulated inflammation [16].

Genetic and acquired causes of CFTR dysfunction
More than 1900 CFTR variants have been identified, of which nearly 400 have been confirmed to be
disease-causing [17, 18]. The most common CFTR mutation is the deletion of bases coding for the amino
acid phenylalanine at the 508th position (F508del) [18, 19]. This mutation accounts for approximately
70–80% of all cystic fibrosis-causing mutations, and just under 50% of individuals with cystic fibrosis are
homozygous for F508del [20]. Broadly, CFTR mutations have been organised into a class scheme that
groups them by the principal cellular mechanism by which they cause disease: abnormalities in protein
production, protein processing and trafficking, channel gating, channel conductance, protein quantity or
protein stability [18, 21]. While a useful construct to understanding the pathobiology of CFTR mutations,
this system has limitations that are important to highlight. Foremost, while mutations are classified based
on the predominant defect, an individual mutation may affect several processes in concert, such as protein
processing and trafficking and channel function [22]. For example, F508del primarily manifests as a
misfolded protein, most of which undergoes degradation through post-translational processing. The small
amount of mature protein that reaches the cell surface exhibits defective channel gating as well as cell
surface instability, leading to premature recycling [22–24]. As such, the classification system can be
imprecise and may oversimplify the extent to which genotype affects protein expression and function.

In addition to molecular defects in the CFTR protein itself, the CFTR gene can also be affected by modifier
genes and environmental factors, further contributing to the variability in CFTR expression and anion
transport [25]. Ultimately, while cystic fibrosis phenotype is largely determined by genotype, the genotype–
phenotype relationship is complex, influenced by multiple factors that have not been completely elucidated.

Recently, non-genetic CFTR dysfunction has garnered interest. The first descriptions linked cigarette
smoke to abnormal chloride transport prior to identification of the CFTR gene [26], and have since been
found to include CFTR dysfunction in healthy smokers and smokers with chronic obstructive pulmonary
disease (COPD) [26–30]. CFTR dysfunction has been observed in both the upper and lower airways in
patients with chronic bronchitis [27, 31]. These patients share sinopulmonary phenotypic features that are
similar, albeit less severe, to patients with classic (genetic) cystic fibrosis and exhibit sweat gland
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abnormalities characteristic of mild CFTR deficits [32–34]. Aside from the direct effects of cigarette
smoking, neutrophil-driven inflammation can impair CFTR function due to the effects of neutrophil
elastase and neutrophil-derived protease degradation products [35]. Ciliary paralysis leading to loss of
purinergic regulation of epithelial ion transport may also indirectly impair CFTR activity in diseases of
primary or secondary ciliary dysfunction [36, 37]. Each of these has the potential to confer acquired,
non-genetic CFTR dysfunction, which can contribute to a specific clinical sub-phenotype characterised by
abnormalities of mucus and host defence.

CFTR-directed treatment strategies
Early treatment strategies for cystic fibrosis focussed on improving mucus clearance, managing chronic
infections, and improving nutrition [38, 39]. Nebulised therapies in combination with chest physiotherapy
improve mucus mobilisation, augmenting mucin clearance. Inhaled antibiotics are utilised to control
chronic infections and attempt to prevent infection-associated exacerbations of airway disease. In addition,
anti-inflammatory medications aimed at controlling aspects of unchecked inflammation have been
identified but are not widely adopted [40]. These symptomatic therapies do not directly target the intrinsic
defect and as a result, only focus on the consequences of impaired mucociliary clearance [41].

More recently, a new class of therapeutics called CFTR modulators, small molecule agents that potentiate
CFTR or restore diminished protein levels at the cell surface, have been developed. These therapeutics
directly address the functional protein defects that cause cystic fibrosis. There is the potential that this new
class of therapeutics may also have a role in treating non-genetic CFTR dysfunction given the increasing
evidence that acquired CFTR abnormalities contribute to other pulmonary disorders.

Developing these modulators was made possible by a high throughput screening (HTS) combined with
cell models (human bronchial epithelial (HBE)) that accurately replicate the pathophysiological defect.
Rather than designing molecules for a specific target, large repositories of diverse chemical compounds
were screened to assess for a response against multiple CFTR mutations identifying potential therapeutics.
Our group has previously reviewed this process in more depth [21]. The HTS process identified several
possible potentiators, the first class of modulators developed, ultimately resulting in the development of
ivacaftor based on several factors such efficacy and pharmacokinetic profile [42].

CFTR potentiators improve chloride conduction by increasing open probability of the CFTR channel. The
potentiator ivacaftor led to robust improvements in several important clinical metrics in patients with the
G551D gating mutation including forced expiratory volume in 1 s (FEV1), sweat chloride, exacerbation
rates and body mass index (BMI) [43]. Average sweat chloride levels improved from 100 mmol·L−1 to
47.8 mmol·L−1, where 60.0 mmol·L−1 and above is traditionally diagnostic for cystic fibrosis [43]. These
improvements with ivacaftor served as a benchmark for the potential efficacy of highly effective CFTR
modulators and how these therapeutics are developed and approved for cystic fibrosis.

Recent progress in the development of cystic fibrosis therapies has been bolstered by cell models that
strongly predict results in clinical trials. In vitro testing supported ivacaftor’s benefit with several other
non-G551D gating mutations [44] which was subsequently confirmed in clinical trials resulting in an
expanded approval for ivacaftor for non-G551D mutations [45, 46]. Based on this experience, in 2017, the
US Food and Drug Administration (FDA) made the novel decision to allow the approval of modulators
based on in vitro testing [46, 47]. This process employing in vitro outcome measures also overcomes the
challenge of studying rare mutations where large clinical trials are not practical or feasible.

Ivacaftor as a single agent was not predicted to work in F508del mutations because the predominant effect of
the mutation is a misfolded CFTR protein that is degraded before it reaches the cell surface. To restore function
for this class of mutations, treatment is required to correct protein folding and trafficking, and prevent
post-translational degradation, improving cell surface expression. These agents, called correctors, increase cell
surface expression and stability; however, function is not normalised, as F508del exhibits a concomitant gating
defect that reduces its ion transport activity [23]. This gating defect is responsive to ivacaftor [42]. Lumacaftor
was the first CFTR corrector for which efficacy was demonstrated, when combined with ivacaftor, for
F508del-homozygous individuals [23, 42, 48]. Definitive studies showed a modest improvement in FEV1, BMI,
and exacerbation frequency [49, 50] compared with the effect seen with ivacaftor with G551D [43].

An alternative CFTR corrector, tezacaftor, was developed with advantageous pharmacological properties
but a similar mechanism of action. When used in combination with ivacaftor, tezacaftor improved
spirometry, exacerbation risk and sweat chloride, displaying similar levels of efficacy as lumacaftor but
with fewer respiratory-related adverse effects associated with off-target effects [51]. Additionally, tezacaftor/
ivacaftor was effective in both F508del homozygotes and F508del heterozygotes with a concomitant
residual function mutation [52]. Figure 1 summarises the response of various CFTR modulators in clinical
trials as measured by change in sweat chloride concentration from baseline.
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While tezacaftor/ivacaftor improved patient outcomes [51], benefit was modest when compared with the
effects seen in early trials of ivacaftor with G551D [43]. Sweat chloride levels with tezacaftor/ivacaftor
decreased by ∼15 mmol·L−1 compared with ∼50 mmol·L−1seen with ivacaftor in G551D [43, 51] (figure 1).
Approaches evaluating three-drug combinations consisting of mechanistically distinct correctors on top of
tezacaftor/ivacaftor have therefore been explored. In phase 3 studies in patients with one F508del allele, a
triple combination approach of the next-generation corrector elexacaftor with tezacaftor/ivacaftor elicited
marked improvements in FEV1, pulmonary exacerbations and respiratory symptoms compared with
placebo [54]. Benefits with the three-drug combination were seen in F508del homozygotes [53] as well as
heterozygotes with a minimal function mutation [54]. These results, together with a favourable safety
profile, led to the recent FDA approval of elexacaftor/tezacaftor/ivacaftor for people with cystic fibrosis
with at least one F508del allele, covering nearly 90% of the cystc fibrosis population genetically.

CFTR dysfunction in non-CF diseases
Impaired CFTR function in the absence of genetic mutation is increasingly recognised outside of cystic
fibrosis. Diminished chloride conductance after smoke exposure [26] was among the first evidence of what is
now known to be an acquired defect of the CFTR channel. More recently, several mechanisms have been
shown to impair CFTR function, including toxins in cigarette smoke through reduced channel gating [57, 58],
CFTR degradation through Ca2+ induced internalisation [35], acute influenza [59] and neutrophil degradation
pathways. The clinical and therapeutic significance of each of these pathways requires further investigation.
Herein, we will update recent advances in understanding of the landscape of acquired CFTR dysfunction, and
discuss potential roles of CFTR modulators in diseases of the respiratory tract beyond cystic fibrosis.

CFTR dysfunction in COPD and smoking-related disease
First demonstrated as early as the 1980s prior to the identification of CFTR, smoke exposure was shown to
reduce chloride transport in canine airways through what is now known to be an acquired defect of
CFTR [26]. CFTR dysfunction was subsequently confirmed in cell models and human subjects via nasal
potential difference (NPD) measurements [28, 31]. These effects appear to be partially, but not completely,
reversible after cessation of smoke exposure, supporting a causal relationship between cigarette smoke and
CFTR dysfunction [60].

Similar evidence of CFTR dysfunction has been shown in COPD. Active smokers with COPD had reduced
CFTR function and expression in the upper respiratory tract [31], whereas non-smokers, defined as
individuals who abstained from smoking for at least a year and had a negative urine cotinine test, did not
have CFTR dysfunction [27, 31]. Similar results were found in the lower respiratory tract of active smokers
with and without COPD as measured by lower airway potential difference (LAPD) and was accompanied
by reductions in CFTR surface protein expression as assessed by Western blot [27]. Regardless of the
presence of COPD, patients without continued smoke exposure had less severe deficits of CFTR function
in the lung [27, 31]. In addition to this finding, the positive correlation between CFTR functional impairment,
observed in both nasal and lung potential difference, and symptoms of chronic bronchitis [27, 31] further
implicate a causal relationship between smoke exposure and CFTR dysfunction and suggest a potential
therapeutic pathway for patients with a chronic bronchitis COPD phenotype.

F508del/F508del + LUM/IVA [50]

Non-G551D Gating + IVA [45]

G551D + IVA [43]

R117H + IVA

F508del/F508del + TEZ/IVA [51]

F508del/F508del + TCT [53]

F508del/MF + TCT [54]

COPD + IVA [55]

COPD + QBW-251 [56]

F508del/RF + TEZ/IVA [52]

Mean Δsweat chloride from baseline mmol·L–1

0 –20 –60–40

FIGURE 1 Summary of mean sweat chloride response to cystic fibrosis transmembrane conductance
regulator modulators in cystic fibrosis and COPD by disease state in major clinical trials. IVA: ivacaftor;
LUM: lumacaftor; TEZ: tezacaftor; TCT: triple combination of elexacaftor (VX-445)/tezacaftor/ivacaftor.
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Smoke-induced CFTR dysfunction is not limited to the respiratory tract and can be detected at anatomic
sites remote to the exposure. Compared with never smokers, smokers exhibited noticeable differences in
sweat chloride concentration [32, 33] and intestinal current measurements [33] that corresponded to
∼40% and ∼60% reductions in CFTR function, respectively. In comparison, obligate carriers demonstrate
∼50% of wild-type CFTR activity, and CFTR activity is <10% of wild-type in overt cystic fibrosis disease in
the sweat gland [55, 61]. Similar CFTR impairments have been observed in mice with smoke exposure
limited only to the respiratory tract [33]; the degree of impairment was directly related to the duration and
intensity of exposure, with the intestines showing a delayed and blunted response compared with the
respiratory tract, consistent with a less intense and non-localised systemic exposure [33]. Additionally,
incubating human bronchial epithelial cells from healthy volunteers with plasma from current and former
smokers suppressed CFTR chloride transport [33]. Together, these studies indicate that smoke exposure
can distribute through the circulatory system, leading to systemic CFTR impairment.

Interestingly, unlike in the airways, extrapulmonary CFTR dysfunction in former smokers may not recover
despite smoking cessation [32, 33]. The reason for this discrepancy is not known and deserves additional
study. A possible explanation may lie in the fact that sweat chloride is a relatively sensitive test and may be
able to detect subtle changes in CFTR function that may otherwise go unobserved in the respiratory
epithelium [62]. Other proposed mechanisms for the sustained effect include tissue retention and
sustained release of cigarette smoke containing toxins such as acrolein [63] as well as the formation of
acrolein-modified proteins which have been shown to persist despite smoking cessation [64].

Several mechanisms have been identified by which smoke exposure impairs wild-type CFTR function and
expression. Smoke exposure induces a CFTR gating defect [65, 66], decreasing open-channel probability
by ∼75% [65] with a concomitant 50% reduction in chloride conductance [65]. This defect occurs rapidly
after exposure and partially recovers post-exposure [60, 66]. Additionally, cigarette smoke decreases
channel expression [27] by suppressing CFTR-encoding mRNA [28, 31], decreasing new CFTR protein
synthesis [60], and sequestering CFTR to perinuclear, aggresome-like bodies, which, unlike lysosome
bodies, are not immediately degraded [60]. Suppression of CFTR protein and mRNA levels are observed
within minutes [60] and hours [28], respectively, after smoke exposure and with as few as three puff
equivalents of tobacco smoke [60, 66]. The degree to which each of these mechanisms contributes to the
overall channel dysfunction is not fully understood but may explain both immediate impairment and
delayed recovery with smoke exposure.

Noting that cigarette smoke consists of multiple toxins, there is ongoing investigation into the contribution
of its individual constituents to CFTR dysfunction. A key body of evidence links smoke-induced CFTR
impairment to the component acrolein, a highly reactive molecule that is found in elevated levels in
smokers [33, 65, 67]. Acrolein has been shown to directly modify CFTR protein [33, 65, 67] and rapidly
induce a CFTR gating defect [33], reducing forskolin-stimulated (CFTR dependent) short-circuit current
in a dose-dependent fashion [33]. With implications on therapeutic approaches, the reducing agent
N-acetyl-cysteine (NAC) has been observed to be protective against the deleterious effects of acrolein on
CFTR [33]. NAC has been evaluated as a treatment for COPD with mixed results but at doses that do not
achieve serum or tissue levels adequate to abrogate acrolein-induced effects [33, 68].

The heavy metal cadmium, another component of cigarette smoke that reaches detectable levels in the
serum of smokers [69, 70], has also been linked to smoke-induced CFTR dysfunction through inhibitory
effects on CFTR mRNA and protein expression, resulting in decreased chloride transport [58]. The
fat-soluble anti-oxidant α-tocopherol, although not NAC, was protective against cadmium-mediated CFTR
impairment, plausibly by stabilising CFTR protein in the plasma membrane [58].

Epidemiological studies evaluating the rate of CFTR mutations among patients with COPD suggest that
genetic contributions to acquired CFTR dysfunction are less substantial than environmental causes. Early
studies indicated that the frequency of CFTR mutations may be elevated in this population [71, 72],
although sample sizes were small and, in one study, the population screened consisted of chronic
bronchitis patients with simultaneous diffuse bronchiectasis [72]. This association was not evident in more
recent, larger studies [73–76].

CFTR dysfunction and asthma
While asthma and cystic fibrosis are generally considered unrelated disorders, they share several similar
features including wheezing, cough and recurrent airway obstruction [77, 78]. Asthma is typified by an
eosinophilic and T-helper cell (Th)2-type inflammatory profile, although a neutrophilic (Th1) endotype is
being increasingly recognised [78, 79] and correlates with asthma severity [80–82]. Case reports of
neutrophilic asthma show that this population demonstrates additional clinical manifestations seen in
people with cystic fibrosis, including bronchiectasis, recurrent airway infections and infections with
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common cystic fibrosis pathogens such as Pseudomonas spp. and Staphylococcus aureus [78, 83]. In
addition, severe asthma and fatal exacerbations are associated with prominent changes in mucus
expression and composition resembling cystic fibrosis [2, 84].

These similarities have inspired investigations into the relationship between CFTR, cystic fibrosis and
neutrophilic asthma. In clinical evaluations of patients with neutrophilic asthma, sweat chloride was
elevated to a level consistent with a mild-to-intermediate CFTR impairment [78, 83]. In one study, NPD
was consistently abnormal, some parameters in the cysti fibrosis range, leading the authors to suggest that
some forms of asthma represent a cystic fibrosis-related disease [83]. Epidemiological studies assessing
rates of asthma among cystic fibrosis carriers have yielded mixed results, although variation of findings
may be associated with inadequate endotyping of the asthmatic inflammation. Some studies found a
higher prevalence of asthma among F508del heterozygotes [85] and higher rates of carrier status among
asthmatics [86], while others did not [87, 88]. One study suggests carrier status to be protective against
developing asthma [89]. While these studies primarily focused on association with F508del, complete
CFTR analysis in asthmatics confirmed a higher rate of variants and polymorphisms, including the
gain-of-function variant M470V [75, 90]. In this population, the M470V variant was found in 90% of
asthmatics that had a CFTR mutations [90], underscoring a putative relationship between asthma and
CFTR mutations and CFTR variants. Complete gene analysis may more accurately delineate the
relationship. Together, findings to date indicate a potential role for acquired CFTR dysfunction in
neutrophilic endotype asthma, although further studies are needed to better delineate this relationship.
Similarly, while CFTR dysfunction offers a plausible mechanism to explain the mucus changes and
plugging found in severe asthma [2, 84], investigation is also needed to confirm this mechanism.

CFTR dysfunction in allergic bronchopulmonary aspergillosis
Allergic bronchopulmonary aspergillosis (ABPA) is a hypersensitivity reaction to Aspergillus fumigatus
colonisation of the airways causing symptoms of uncontrolled asthma as well as central bronchiectasis
with mucus plugging. Given the similarities to cystic fibrosis, several investigators have looked for evidence
of CFTR mutations in this population. While studies were limited by small patient size, patients with
ABPA were more likely to have CFTR mutations than the general population [91]. A more recent
investigation that screened for a more diverse set of CFTR mutations found almost two-thirds of the
patients were carriers of CFTR mutations and over one-third of the patients had mild elevations in sweat
chloride levels [92]. While there appears to be an association of CFTR mutations and ABPA, further
investigation is needed to understand if CFTR is dysfunctional and the degree to which it contributes to
the development or manifestations of ABPA.

CFTR dysfunction in bronchiectasis
Bronchiectasis is a disorder characterised by pathological inflammation and dilation of the airways, leading
to impaired mucin clearance, chronic sputum production and recurrent infections. Bronchiectasis can
result from a number of insults, although in about half the cases, an aetiology cannot be determined [93].
Idiopathic bronchiectasis (IB) tends to have a more indolent course than cystic fibrosis [94].

Clinically, there is striking overlap of features between the two disorders. Both have a prominent,
productive cough with recurrent exacerbations and are similarly driven by chronic neutrophilic
inflammation with increased levels of neutrophil-recruiting cytokines [95]. Additionally, the reduced
mucociliary clearance seen in idiopathic bronchiectasis results in increased risk of colonisation with
virulent pathogens common to cystic fibrosis such as Pseudomonas spp., Staphylococcus aureus,
non-tuberculous Mycobacterium spp., and moulds such as Aspergillus spp. [93, 94, 96]. These clinical
similarities would support similar pathologic mechanisms, which may include CFTR dysfunction.

There is mixed evidence for the role of CFTR mutations in idiopathic bronchiectasis [97–101]. Differences
in genetic testing and small sample size likely accounts for difficulty detecting an association between
CFTR mutations and idiopathic bronchiectasis [97, 98]. Other studies have found an association [101],
and with more extensive genetic testing, idiopathic bronchiectasis was associated with several missense
mutations, polymorphisms and variants of CFTR [75, 99, 100] that, when present, influence CFTR
function and expression [98, 102]. These studies found that 26–51% of patients with idiopathic
bronchiectasis harboured CFTR mutations, which is higher than expected compared with carrier frequency
in the general population [75, 98–101] suggesting an association.

CFTR conductance is impaired in idiopathic bronchiectasis in proportion with the number of mutant
alleles. In support, multiple studies have documented that this population has elevated sweat chloride
levels [97, 98, 101], and that those with mutations on both alleles have higher sweat chloride than those
with just one mutant allele [98, 102]. NPD measurements in patients with idiopathic bronchiectasis who
carried zero, one or two CFTR mutations also demonstrated CFTR impairment correlating with the
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number of mutant alleles, with a degree of dysfunction ranging between that seen in healthy controls and
patients with cystic fibrosis [102]. These findings are consistent with others reporting that there is a
continuum of CFTR dysfunction ranging from cystic fibrosis-related diseases to severe cystic fibrosis [33, 61].
Taken together, these studies indicate possible disproportionate CFTR dysfunction in idiopathic
bronchiectasis compared with asymptomatic carriers of CFTR mutations. It remains unclear whether
non-CFTR mutations that disrupt CFTR processing and/or function or that the process is secondary to the
inflammatory environment caused by CFTR dysfunction is not yet clear.

One challenge in assessing the association between the number of mutant alleles and CFTR dysfunction in
idiopathic bronchiectasis is that disease-modifying variants influence expression in ways that are difficult
to predict. For instance, one variant found in idiopathic bronchiectasis, 5T, variably decreases CFTR
synthesis [99, 102] while another, M470V, increases conductance almost two-fold over the native allele
and has a causal role in cystic fibrosis that remains in question [98, 100, 103]. Given these complicated
interactions, it is understandably difficult to accurately predict idiopathic bronchiectasis phenotype based
on genotype. Consistent with other cystic fibrosis-related disorders, genetic tests were shown to have a low
sensitivity for diagnosis in the absence of sequencing [61].

The complicated genotype-phenotype relationship may account for the heterogeneity in CFTR dysfunction
observed in idiopathic bronchiectasis. For example, subjects with idiopathic bronchiectasis and one CFTR
mutation had measurable CFTR dysfunction, while obligate heterozygotes did not, despite the same
number of mutant alleles [102]. Even among those with the same mutation, there was a variable amount
of CFTR dysfunction, including in carriers of severe CFTR mutations like F508del [100, 102]. These
studies suggest that while CFTR mutation may contribute to the development of idiopathic bronchiectasis,
the variability of CFTR dysfunction may be a function of additional unidentified factors that induce
secondary acquired reductions in CFTR activity [102]. Other shared mechanisms of disease pathogenesis
between cystic fibrosis and idiopathic bronchiectasis may, therefore, be responsible for CFTR dysfunction
as a “second hit” in carriers.

In conclusion, while there is a clear association between CFTR dysfunction and idiopathic bronchiectasis,
further studies are needed to fully understand its pathogenic contribution. It is not clear if the channelopathy
primarily drives the formation of bronchiectasis, or if the channelopathy makes an individual more
susceptible only after a second insult such as smoke or neutrophilic inflammation. More research is needed to
better understand the genetic factors that cause the variability in channel dysfunction seen in current studies.
As our understanding of CFTR dysfunction and shared pathophysiology between cystic fibrosis and idiopathic
bronchiectasis grows, we may better understand if CFTR modulators will benefit this patient population.

CFTR modulators in primary ciliary dyskinesia
In addition to idiopathic forms of bronchiectasis, primary ciliary dyskinesia (PCD) demonstrates pulmonary
(e.g. bronchiectasis and chronic infections) and sinus (e.g. chronic rhinosinusitis) phenotypic similarities to
cystic fibrosis. While there are no studies directly demonstrating CFTR dysfunction in PCD patients, there is
evidence that CFTR chloride conduction can be regulated by local purinergic signalling [104] by motile cilia
in response to changes in mucus viscosity [36]. As mucus becomes more dehydrated and viscous, mechanical
strain sense by the cilia stimulates ATP release [36] which, through local purinergic receptors, stimulates anion
transporters including CFTR [104] leading to mucus hydration and restoring the airway surface liquid (ASL)
depth [36]. However, PCD cell cultures with non-motile cilia had no response to increased mucus viscosity
demonstrating motile cilia are integral to the process [36]. These findings suggest that mucus viscosity can be
locally regulated through feedback involving CFTR but is vitally dependent on motile cilia. By inference, local
CFTR function may be decreased by the lack of purinergic drive from motile cilia in patients with PCD.
Further studies are needed to elucidate what role, if any, CFTR dysfunction contributes to PCD.

CFTR modulators in COPD and chronic bronchitis
Evidence of CFTR dysfunction in COPD with chronic bronchitis raises the possibility of novel treatment
strategies for this population. Inhaled therapies are the mainstay of management for COPD and, while
symptoms, hospitalisation frequency, and exacerbation rates may improve with inhaled corticosteroids and
bronchodilators, reductions in mortality have yet not been observed [105–107]. Only smoking cessation
and supplemental oxygen for severe hypoxaemia have been shown to impact mortality [108–111].
Similarly, mucolytics have demonstrated only marginal benefit [68, 112, 113].

The phosphodiesterase inhibitor, roflumilast, was initially targeted for its proposed anti-inflammatory effects
in COPD and was shown to reduce exacerbations in a subset of patients with chronic bronchitis who had
persistent exacerbations [114, 115]. Subsequent studies found that roflumilast stimulates CFTR-dependent
chloride transport through an increase in intracellular cAMP-mediated CFTR phosphorylation and can
abrogate smoke-induced CFTR dysfunction [114, 116, 117]. The effects of roflumilast on CFTR, rather than
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its anti-inflammatory properties, may explain why benefit was limited to the patient population with chronic
bronchitis [118, 119] and point toward the potential of CFTR modulation as a therapeutic modality in COPD.

Indeed, although few studies have evaluated the efficacy of established CFTR modulators in
smoking-induced CFTR dysfunction, findings to date support this strategy [31, 65, 114]. Ivacaftor has
previously been shown to stimulate wild-type CFTR, indicative of a role for potentiator approaches in
disorders of acquired CFTR dysfunction [31]. Ivacaftor was also shown to partially reverse smoke-induced
changes in human bronchial epithelial cell cultures [31, 65, 114] by augmenting open-channel probability [65],
improving chloride conductance [31, 65], restoring ASL [31, 65], and improving MCT [31]. Similar
improvements were found in cystic fibrosis models treated with ivacaftor [42], consistent with a shared
pathology and further supporting the potential for treatment of COPD with CFTR potentiators.

Clinical trials testing CFTR potentiators in COPD are in the early stages. A recently completed pilot study
evaluating ivacaftor in COPD patients with chronic bronchitis showed a trend towards improved
symptoms and sweat chloride levels, as well as a ∼20% improvement in CFTR activity, with no safety
concerns noted [120]. A follow-up study is underway examining ivacaftor on longer-term outcomes [121].
Complementing these data, a phase 2 trial assessing the effects of the investigational CFTR potentiator,
QBW251 (Novartis Pharmaceuticals), has been conducted [56]. After 28 days of treatment, patients
demonstrated improvements in sweat chloride, spirometry, inflammatory markers and sputum
colonisation, although no difference was found in the primary outcome of lung clearance index [56]. The
effect of CFTR modulators in these two clinical trials is summarised in figure 1 compared with responses
of CFTR modulators in various CFTR mutation types. Ivacaftor has also been tested in PCD in
combination with a novel ENaC inhibitor (VX-371; Vertex Pharmaceuticals) [122]. At present, this trial is
fully enrolled, with the results of the phase 2 trial expected in 2020 [122].

Conclusions
This review examines the role of CFTR protein dysfunction in disorders of the respiratory tract. Significant
progress in the development of highly effective CFTR modulators gives promise for improved outcomes in
patients with cystic fibrosis. In addition, a heightened understanding of other chronic diseases of the
airways has linked acquired CFTR dysfunction to the pathophysiology of these disease states (figure 2).
An overview of clinical trials CFTR modulators in non-cystic fibrosis lung disease is presented in table 1.
With further development, CFTR modulators may prove to be a therapy for some lung diseases associated
with acquired CFTR dysfunction or impaired mucociliary clearance.
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FIGURE 2 Schematic representation of potential and known mechanisms influencing cystic fibrosis transmembrane conductance regulator (CFTR)
function. PCD: primary ciliary dyskinesia; ABPA: allergic bronchopulmonary aspergillosis.
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