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ABSTRACT  Cystic fibrosis (CF) remains the most common fatal hereditary lung disease. The discovery of
the cystic fibrosis transmembrane conductance regulator (CFTR) gene 25 years ago set the stage for:
1) unravelling the molecular and cellular basis of CF lung disease; 2) the generation of animal models to
study in vivo pathogenesis; and 3) the development of mutation-specific therapies that are now becoming
available for a subgroup of patients with CF. This article highlights major advances in our understanding of
how CFTR dysfunction causes chronic mucus obstruction, neutrophilic inflammation and bacterial
infection in CF airways. Furthermore, we focus on recent breakthroughs and remaining challenges of novel
therapies targeting the basic CF defect, and discuss the next steps to be taken to make disease-modifying
therapies available to a larger group of patients with CF, including those carrying the most common
mutation AF508-CFTR. Finally, we will summarise emerging evidence indicating that acquired CFTR
dysfunction may be implicated in the pathogenesis of chronic obstructive pulmonary disease, suggesting
that lessons learned from CF may be applicable to common airway diseases associated with mucus plugging.
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CFTR dysfunction causes CF and may be implicated in more common chronic obstructive lung
diseases, such as COPD http://ow.ly/wplhu
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CFTR, basic ion transport defects and cystic fibrosis lung disease

Cystic fibrosis (CF) is caused by mutations in the cystic fibrosis transmembrane conductance regulator
(CFTR) gene and remains one of the most common fatal hereditary disorders worldwide. Although CF is a
complex multi-organ disease, morbidity and mortality are mainly determined by chronic obstructive lung
disease that evolves from early onset mucus plugging in the small airways, chronic neutrophilic airway
inflammation and bacterial infection. The discovery of the CFTR gene 25 years ago set the stage for
unravelling the molecular and cellular basis of CF lung disease [1-3]. CFTR is a multi-domain membrane
protein that belongs to the large family of adenine nucleotide-binding cassette transporters consisting of
two transmembrane domains, two nucleotide binding domains (NBDs) and a unique regulatory domain
[4]. Tt is expressed in the airway surface epithelium, submucosal glands and many other epithelial organs
[5]. CFTR functions as an anion channel, which is regulated by protein kinase A-dependent
phosphorylation of its regulatory domain and binding of ATP to the nucleotide binding domains, and
conducts Cl” and bicarbonate. In the airways, CFTR also functions as a regulator of the amiloride-sensitive
epithelial Na* channel (ENaC) that constitutes the limiting pathway for Na® absorption [6-9]. As a
consequence, mutations in CFTR cause a basic ion transport defect, which is characterised by deficient
cyclic adenosine monophosphate-dependent anion secretion and enhanced ENaC-mediated Na* absorption
in CF airways (fig. 1) [10-12]. The most common mutation, a deletion of phenylalanine at position 508
(AF508) in NBDI, impairs protein folding, plasma membrane expression, function and stability of CFTR,
and is present on at least one allele in ~90% of patients with CF in Europe and North America [4]. In
addition, CF can probably be caused by over 1900 other mutations in the CFTR gene (www.genet.sickkids.
on.ca) with diverse molecular consequences ranging from defective synthesis, gating, conductance or
reduced numbers of CFTR channels at the apical plasma membrane [13, 14]. Of note, a recent study
demonstrated that only ~8% of the reported CFTR variants have an allele frequency of >0.01%, whereas
the others are extremely rare and their functional consequences remain largely unknown [15]. While a
complete understanding of the link between CFTIR dysfunction, impaired regulation of ion transport, and
the complex in vivo pathogenesis of airway inflammation and impaired host defence is still missing,
important progress has been achieved through translational studies in primary airway cultures from patients
with CF and animal models that phenocopy CF lung disease [16-18].

Airway surface dehydration: a key disease mechanism in CF lung disease

These translational studies led to the current concept that dehydration of the thin film of liquid (~7 pm)
that covers healthy airway surfaces is a key mechanism in initiating and promoting lung disease in CF.
Because active ion transport is coupled with water flow, the basic defect causes an imbalance between
secretion and absorption of the epithelial lining fluid rendering CF airway surfaces vulnerable to
dehydration [19, 20]. Studies in cultured primary airway epithelia from CF patients carrying a broad
spectrum of CFTR mutations demonstrated that airway surface liquid (ASL) is depleted resulting in a
collapse of the periciliary layer, including the cilia, and mucociliary dysfunction (fig. 1) [16]. However, the
in vivo validation of these results was hampered by the fact that Cftr-deficient mice do not reproduce the
basic CF ion transport defect in the airways, probably due to expression of alternative Cl” channels, and do
not develop CF-like lung disease [21]. This limitation led to the generation of mice with airway-specific
overexpression of ENaC (BENaC-Tg) to mimic enhanced ENaC activity [17, 22] and, more recently, the
generation of CFTR-deficient pigs and ferrets [23-25] to test the in vivo consequences of imbalanced ion/
fluid secretion and absorption across CF airways. A series of studies in PENaC-Tg mice validated the
concept that ASL depletion with hyperconcentrated mucus impairs mucociliary clearance, causes CF-like
mucus plugging and sets the stage for chronic airway inflammation and bacterial infection [22].
Interestingly, recent studies in BENaC-Tg mice maintained under germ-free conditions demonstrated that
mucus stasis per se is sufficient to cause airway inflammation, probably due to trapping of inhaled irritants
that trigger the release of pro-inflammatory chemokines, such as keratinocyte chemoattractant and
macrophage inflammatory protein-2, from airway epithelia and/or macrophages, even in the absence of
bacterial infection [26]. Conversely, in the presence of bacteria in the environment, BENaC-Tg mice develop
spontaneous airway infection in the neonatal period and show reduced clearance of CF-associated
pathogens such as Pseudomonas aeruginosa and Haemophilus influenzae at older ages [17, 26]. Collectively,
these studies demonstrated that this mouse model exhibits many characteristic features of early CF lung
disease [27-29]. Of note, the lung disease phenotype of older BENaC-Tg mice also shows some differences
compared to patients with CF, such as transient eosinophilic inflammation, in addition to chronic airway
neutrophilia at juvenile ages, and clearance of spontaneous bacterial airway infection and development of
pulmonary emphysema rather than bronchiectasis in adult mice [26, 27, 30-33].

More recent studies in CFTR-deficient pigs and ferrets demonstrated that these large animal models also
develop spontaneous CF-like lung diseases characterised by early onset mucus plugging, air trapping,
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FIGURE 1 The role of the cystic fibrosis transmembrane conductance regulator (CFTR) in proper airway surface hydration and mucociliary clearance of normal
airway epithelia, consequences of genetic and acquired CFTR dysfunction in patients with cystic fibrosis (CF) and chronic obstructive pulmonary disease
(COPD), and therapeutic strategies to restore mutant CFTR function. a) In normal airway epithelial cells, CFTR is expressed at the apical membrane together
with alternative Ca**-activated CI” channels (CaCC) and epithelial Na* channels (ENaC). CFTR-mediated secretion of Cl” and fluid, and concomitant inhibition
of ENaC-mediated absorption plays a key role in proper hydration of the airway surface (periciliary layer and overlying mucus gel), which is essential for normal
mucus clearance. b, ¢) In CF airway epithelia, mutation-specific defects cause deficient synthesis, processing, gating, conductance or reduced stability of CFTR CI°
channels (deformed channel). CFTR dysfunction at the apical membrane causes dehydration of the periciliary and mucus layers leading to mucociliary
dysfunction and airway mucus plugging. Static airway mucus triggers inflammation and forms a nidus for bacterial infection (b). Current therapeutic strategies
focus on the development of CFTR modulators that correct misprocessing of the most common mutation AF508 (correctors) and enhance the function of CFTR
mutants that are inserted into the apical plasma membrane (potentiators) to restore airway surface hydration and mucus clearance (c). Alternative therapeutic
approaches to improve airway surface hydration include inhibition of ENaC and activation of alternative Cl” channels (CaCC) (c). Recent studies demonstrated
that cigarette smoke impairs CFTR expression at several levels, including transcription and protein stability, and that CFTR function is substantially reduced in
the airways of patients with COPD. d) This “acquired” CFTR dysfunction may impede proper mucus hydration, especially in the presence of inflammation-
induced goblet cell metaplasia and mucin hypersecretion, and put smokers at risk for mucus stasis and chronic airways disease. e) Proteases released in
neutrophilic airway inflammation, such as neutrophil elastase, further degrade CFTR and activate ENaC by proteolytic cleavage, and thus aggravate airway surface
dehydration and mucociliary dysfunction in CF and COPD.
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neutrophilic inflammation and bacterial infection of the respiratory tract [18, 34, 35]. Of note, bioelectric
studies demonstrated deficient CFTR-mediated anion transport, but no increase in ENaC-mediated Na*
transport, in the lower airways of newborn CF pigs. Based on these results, the relative contribution of
alterations in CFTR- versus ENaC-mediated ion transport in early CF lung disease has been discussed
controversially [36]. However, the magnitude of ENaC-mediated Na* absorption in older CF pigs with
chronic airway inflammation, i.e. under conditions when ENaC activity was found to be increased in native
airway tissues from patients with CF in vitro and in vivo [10-12], remains unknown. Furthermore, studies
on mucus concentration as a measure of airway surface hydration, as well as measurements of mucociliary
clearance, are pending in CF pigs and ferrets. However, it was demonstrated that fluid secretion from
submucosal glands is deficient in the CF pig model [37]. Taken together, the striking similarities between
the early lung disease phenotypes of BENaC-Tg mice, CF pigs and CF ferrets indicate that airway surface
dehydration caused by an imbalance between CFTR-mediated anion secretion and ENaC-mediated Na*
absorption by the surface epithelium of conducting airways and submucosal glands may play a central role
in the in vivo pathogenesis of CF lung disease, which produces mucus stasis with airflow obstruction,
triggers inflammation and provides a nidus for bacterial infection (fig. 1).

Airway proteases aggravate basic CF ion transport defect

Importantly, emerging evidence suggests that this pathogenetic sequence is not unidirectional, but that
factors released in chronic neutrophilic inflammation can have profound effects on epithelial ion transport
and aggravate airway surface dehydration in CF. For example, recent studies showed that neutrophil elastase
(NE), a major product released from activated neutrophils that has recently been identified as a key risk
factor for the development of bronchiectasis in young children with CF diagnosed by newborn screening
[38], is also a potent regulator of CFTR and ENaC. Besides its previously described roles in the modulation
of airway inflammation, mucus hypersecretion, bacterial killing, and proteolytic lung and immune cell
damage [32, 39-42], NE can activate ENaC by proteolytic cleavage and removal of “inhibitory” segments,
probably leading to a conformational change of the channel that improves its conductivity for Na* [43, 44].
Interestingly, a recent study showed that wild-type CFTR, but not AF508, interacts with ENaC in the plasma
membrane of airway epithelial cells and, thus, may impede the proteolytic stimulation of ENaC by NE and
potentially other extracellular proteases released by inflammatory cells [45, 46]. These results suggest that
lack of this “anti-proteolytic” function of CFTR may contribute to increased Na* absorption in chronically
inflamed CF airways, and may explain why ENaC-mediated Na* transport was not elevated in newborn CF
pigs prior to the onset of chronic neutrophilic airway inflammation [36]. Furthermore, recent studies
demonstrated that NE leads to degradation and loss of CFTR CI” channel function through a pathway involving
the activation of intracellular calpains (fig. 1) [47]. Therefore, an imbalance between NE and potentially other
proteases released from inflammatory cells or bacteria on the one hand, and protective anti-proteases on the
other hand [44], may inevitably aggravate airway surface dehydration and also impede therapeutic approaches
targeting the basic ion transport defect in CF airways once chronic inflammation and infection are established.

Potential role of airway surface dehydration in obstructive lung diseases beyond CF
Beyond CF, emerging evidence from biophysical studies suggest that airway surface dehydration may also be
implicated in the pathogenesis of other chronic airways diseases [48, 49]. These studies showed that an
increase in the concentration of mucins (i.e. dehydration) in the mucus gel that covers airway surfaces
results in an increase in its osmotic pressure. Above a critical threshold, the osmotic modulus of the
dehydrated mucus layer exceeds the osmotic modulus of the periciliary layer. This leads to compression of
the subjacent periciliary layer and cilia, and ultimately mucociliary dysfunction [48]. As mucus
hyperconcentration not only results from dysregulated epithelial ion and fluid transport as in CF, but
also from increased mucin secretion driven by chronic airway inflammation and infection [39, 50], these
results suggest that airway surface dehydration may be a common disease mechanism that contributes to the
pathogenesis of a broad spectrum of mucostatic airway diseases including asthma and chronic obstructive
pulmonary disease (COPD) [20, 49]. This concept is supported by recent studies in mice with experimental
asthma demonstrating that T-helper cell type 2-induced mucus hypersecretion is associated with a
hypersecretory ion transport phenotype that protects “asthmatic” wild-type mice from airway mucus
obstruction in vivo, whereas mice that lack the epithelial CI" channel SLC26A9 (solute carrier family 26
member 9), a member of the SLC26 family of anion transporters that is strongly expressed in the lung [51],
develop airway mucus obstruction due to a reduced capacity to increase Cl™ and fluid secretion in parallel to
mucin hypersecretion in allergic airway disease [52, 53].

Lack of bicarbonate impairs mucus formation and bacterial killing in CF airways
In addition to airway surface dehydration, emerging evidence suggests that deficient CFTR-mediated
bicarbonate secretion plays an important role in the pathogenesis of mucus obstruction and impaired host

DOI: 10.1183/09031936.00228013



DOI: 10.1183/09031936.00228013

CYSTIC FIBROSIS | M.A. MALL AND D. HARTL

defence in CF airways. Impaired bicarbonate secretion results in reduced pH of the ASL in CF [54]. Recent
studies in the CF mouse intestine demonstrated that the presence of bicarbonate is crucial for normal
unpacking and expansion of mucins when they are secreted from intracellular granula onto the intestinal
surface [55, 56]. These results led to the hypothesis that impaired bicarbonate secretion may also lead to the
formation of aberrant mucus in the airways, and that this defect may contribute to increased mucus
viscosity, adhesion and mucus stasis in CF [57].

Furthermore, recent studies in the CF pig model demonstrated that reduced airway surface pH impairs
bacterial killing. CF pigs fail to eradicate bacteria from their lungs after birth [18]. By dissecting underlying
mechanisms causing impaired anti-bacterial host defence, the reduced ASL pH in CF pigs was found to
render the anti-microbial peptides, such as lysozyme and lactoferrin, less effective, which may be key to
reduced elimination of inhaled or aspirated bacteria and bacterial colonisation of CF airways [34]. These
results may have important therapeutic implications, as they predict that re-alkalinisation of the airways, for
instance by aerosolised bicarbonate or rescue of mutant CFTR function, has the potential to restore anti-
bacterial host defence and prevent chronic airway infection in CF.

Emerging novel therapies to rescue mutant CFTR: breakthroughs and remaining
challenges

Since a complete review of CFTR replacement and pharmacotherapy approaches is beyond the scope of this
article, we will focus on the recent major breakthroughs with therapies designed to rescue mutant CFTR
function, and the remaining challenges that still have to be overcome to make these causal therapies
available for most patients with CF.

High throughput screening led to the discovery of the first drug acting on mutant CFTR

The discovery of CFTR was also the cornerstone for the development of drugs that rescue mutant CFTR
function to provide a causal therapy for CF. However, early studies showed that a wide spectrum of CFTR
mutations can cause distinct classes of CFTR dysfunction through different molecular mechanisms ranging
from deficient protein translation (class I), processing (class II), gating (class IIT), conductance (class IV),
and reduced synthesis or stability (class V) of CFTR CI" channels [13, 14]. These studies predicted that
causal CF pharmacotherapy has to be mutation-specific or at least specific for a group of mutations that
belong to a similar class of dysfunction. These insights, together with so far unsuccessful attempts to correct
mutant CFTR by gene therapy [58], led to the development of high-throughput screening to utilise large
chemical libraries for the discovery of drugs that rescue CFTR mutations that affect synthesis and processing
(“correctors”), and drugs that improve deficient gating and/or conductance of mutant CFTR CI” channels
that are inserted into the apical plasma membrane (“potentiators”) (fig. 1) [59, 60]. This approach was
highly successful and, so far, has led to several investigational drugs [61, 62], and the development of the
CFTR potentiator ivacaftor (VX-770), which was shown to improve lung function and reduce pulmonary
exacerbations in pivotal clinical trials. Ivacaftor was approved in 2012 as the first mutation-specific therapy
for CF patients carrying the G551D gating mutation [63, 64].

The G551D mutation is expressed and inserted into the apical plasma membrane at normal levels; however,
the ATP-induced dimerisation of the two NBDs required for normal gating of the CFTR channel is
defective, resulting in a very low open probability [61]. Although its mechanism of action remains
incompletely understood, functional studies at the single channel level demonstrated that ivacaftor
improved gating and increased the open probability of the G551D channel [61, 65]. In cultured human CF
bronchial epithelial cells, this effect rescued G551D-mediated CI transport to ~50% of wild-type CFTR
function, and reduced increased ENaC-mediated Na* and fluid absorption [61]. In the first phase III study,
conducted in adolescent and adult CF patients (> 12 years of age), ivacaftor improved the forced expiratory
volume in 1 s (FEV1) % predicted by 10.6% and reduced the likelihood of pulmonary exacerbation by 55%.
Therapeutic effects on lung function were consistently observed by 2 weeks after starting therapy and
maintained to week 48. Of note, 75% of patients in this age group showed an improvement in FEV1 % pred
by >5% and therapeutic effects on lung function were independent from baseline FEV1, age or sex [63].
Similar effects with an overall improvement of FEV1 % pred of 12.5% were observed in younger CF patients
(6-11 years of age) with a G551D mutation, and it was shown that ivacaftor improves the lung clearance
index in children with CF with normal spirometry [64, 66]. While it remains to be seen to what extent these
therapeutic benefits on pulmonary function are cumulative to already existing symptomatic therapies
[67-70], this breakthrough provides an important proof-of-concept that mutation-specific therapy is
possible and may, therefore, mark the beginning of a new era of personalised medicine for CF, a topic that
has been discussed in several recent reviews [71-73].
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The CFTR potentiator creates opportunities for personalised medicine for CF

However, because the G551D mutation affects only ~4% of CF patients worldwide, considerable challenges
remain that need to be overcome before a larger group of patients can benefit from these novel CFTR
modulator therapies. In this context, recent in vitro studies demonstrated that ivacaftor can improve the
open probability and, thus, potentiate other non-G551D gating mutations, as well as other rare CFTR
mutations that cause mild defects in processing and/or conductance [74, 75]. These results indicate that
ivacaftor may be more broadly acting and beneficial for a larger group of CF patients that carry CFTR
mutations with residual function, including pancreatic-sufficient patients. This hypothesis is currently being
tested in a series of clinical trials in patients with non-G551D gating mutations and the pancreatic sufficient
mutation R117H. If positive, ivacaftor may become available as an effective therapy for ~15% to 20% of all
patients with CF in the near future. Despite these advances, the functional consequences of many rare CFTR
mutations, as well as their in vivo response to potentiator therapy, remain unknown [15]. Therefore, parallel
development of sensitive functional assays for quantitative assessment of CFTR function at baseline and
treatment responses will be important to identity individual CF patients with rare CFTR mutations who
may benefit from ivacaftor or other CFTR modulators. In this context, recent studies demonstrated that 3
adrenergic sweat secretion, as well as functional measurements in native intestinal tissues and intestinal
organoids, are accurate and reliable assays to assess different levels of mutant CFTR function in individual
patients with CF carrying a broad spectrum of mutations [76-79]. Therefore, these techniques may be
helpful tools to improve our current understanding of how much CFTR activity is required to translate into
a clinical benefit and facilitate implementation of truly personalised medicine for CF.

Can CFTR modulator therapy prevent CF lung disease?

Another important issue relates to the question of when ivacaftor therapy should be started in patients with
responsive CFTR mutations in order to obtain maximal long-term benefits. It is generally assumed that CF
lungs are structurally normal at birth and that lung disease progresses from potentially reversible
abnormalities, such as airway mucus plugging and air trapping, to irreversible lung damage characterised by
bronchiectasis and emphysema [28, 29, 38, 80, 81]. Importantly, recent studies in CF infants diagnosed by
newborn screening indicate that irreversible lung damage may occur much earlier than expected, and
mostly in the absence of respiratory symptoms. At the age of 3 months, a substantial fraction of CF infants
already showed neutrophilic inflammation and structural lung damage, and these early abnormalities were a
key risk factor for bronchiectasis in later life [38, 82]. These results strongly suggest that early rescue of
CFTR function may be essential to prevent and/or delay irreversible lung damage in CF. As sensitive
noninvasive outcome measures for assessment of abnormal lung structure and function in infants and
young children, such as computed tomography, magnetic resonance imaging and multiple breath washout,
are becoming available [28, 38, 83—-86], the ivacaftor clinical trial programme should be extended to studies
in CF infants as soon as possible to exploit the narrow window of opportunity that has been created by
widespread implementation of newborn screening and determine to what extent early therapy can delay or
even prevent irreversible lung damage in CF.

Correction of misprocessing of the most common mutation 4F508 remains challenging

In contrast to potentiation of CFTR mutants that are expressed in the plasma membrane, correction of
mutations that impair CFTR synthesis or processing, including the most common mutation, AF508,
remains a more challenging task. VX-809 (lumicaftor), the first CFTR corrector that was advanced to
clinical development, restored AF508 surface expression and function up to ~15% of wild-type CFIR in
human bronchial epithelia cells in vitro [62]. In a recent phase II trial in CF patients homozygous for the
AF508 mutation, treatment with VX-809 was well tolerated and caused a modest drop of sweat CI.
However, there was no detectable improvement of CFTR function in the nasal epithelium as determined by
nasal potential difference measurements, and no improvement in lung function or patient-reported
outcomes [87]. These results suggest that VX-809 monotherapy may not be sufficient and that other
approaches are required to rescue AF508 function to a level that translates into clinical benefits for patients.
One strategy that is already being tested in the clinical arena in phase III trials, including ~1000 AF508
homozygous CF patients, comprises the combination of VX-809 with ivacaftor in order to enhance both the
number and open probability of AF508 Cl channels in the plasma membrane. In preclinical studies in
human CF bronchial epithelial cells, this approach improved AF508-mediated Cl transport up to ~25% of
wild-type CFTR when both compounds were added at the maximally effective concentrations [62]. The first
results from the clinical corrector/potentiator combination trials are expected in 2014 and will provide
important information of whether the level of functional improvement that can be reached with this
combination therapy is sufficient to translate into clinical benefits for patients with the AF508 mutation.

The second strategy relies on the identification of more efficacious next-generation correctors. This
development is guided by insights from recent biochemical studies that may explain the mechanistic basis of
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the apparent efficacy ceiling of VX-809. These studies demonstrated that the AF508 mutation not only
impairs folding of NBD1 where it resides, but also proper assembly of NBD1 with neighbouring CFTR
domains, and that correction of either of these defects is only partially effective [4, 88, 89]. However, when
both defects were corrected individually either by introducing suppressor mutations or by using
combinations of experimental corrector compounds, it was possible to restore folding, cell surface
expression and function of AF508 to near normal levels [88-90]. Hence, these studies provide an
explanation for the limited efficacy of VX-809 monotherapy and indicate that combinations of next
generation corrector compounds that target both defects may be required for effective restoration of CFTR
function in patients carrying AF508 and potentially other processing mutations.

Progress with gene and cell therapy approaches for CF

Besides CFTR modulators, gene therapy represents a causative approach to correct the mutated gene. While
promising in its early days, several pitfalls, such as vector design, in vivo delivery to epithelial cells (mucus
and glycocalix) and off-target effects (random integration), have hampered the efficient implementation of
this therapeutic strategy to date. However, novel gene vectors (lentiviral and non-viral vectors) [91], the
zinc-finger nuclease-, TALEN-based and CRISPR/Cas9-mediated gene-editing technologies [92, 93],
supplementation of mRNA to the lung [94], and the possibility to differentiate normal, patient-specific
pluripotent stem cells into airway epithelial cells [95, 96] have revitalised the field and could lead to novel
promising gene-correcting therapies in CF patients, as summarised elsewhere [91].

Alternative targets to counteract the basic ion transport defects in CF airways
Epithelial Na* channels

Inhibition of enhanced ENaC-mediated Na* absorption and/or activation of alternative Cl~ channels in the
airways remain attractive alternative approaches to compensate for CFTR malfunction and restore airway
surface hydration and mucociliary clearance in all patients with CF irrespective of their CFTR genotypes
(fig. 1). In fact, ENaC has long been considered as an alternative therapeutic target [97]. However, probably
due to its low potency, short half-life and limited deposition in mucus-obstructed airways, inhalation
therapy with the classical ENaC blocker amiloride did not show therapeutic benefits in CF patients with
established lung disease [98]. In contrast, preventive amiloride treatment had significant therapeutic effects
by reducing mucus obstruction, airway inflammation and mortality in mice with CF-like lung disease [99].
These studies provided a proof of concept that inhaled amiloride may represent an effective preventive
therapy if started in infants with CF who can now be diagnosed early by newborn screening [28]. While
attractive as a strategy that may delay or even prevent irreversible lung damage in CF, this preventive
treatment paradigm remains to be tested in clinical trials. At the same time, efforts are ongoing that focus
on strategies for durable ENaC inhibition to improve efficacy in chronic CF airways disease. These efforts
include: 1) the design of more potent and long-acting ENaC blockers [100, 101]; 2) inhibition of ENaC-
activating proteases [44, 102]; 3) ENaC silencing with specific short interfering RNAs [103]; and 4) high-
content screens to identify novel ENaC regulators that may be druggable in CF lung disease [104]. Since
ENaC is also expressed in the kidney, where it plays an important role in electrolyte balance, strategies are
warranted that reduce systemic absorption of ENaC inhibitors effectively to prevent renal exposure and
electrolyte imbalance including hyperkalaemia [105]. Several promising compounds are currently in active
preclinical to early clinical development and may become available for clinical testing in patients with CF in
the near future.

Alternative Cl” channels

Even before the discovery of CFTR, it was well established that airway epithelia express alternative Ca**-
activated Cl” channels (CaCC) that function normally and may, therefore, be exploited therapeutically to
compensate for CFTR dysfunction in patients with CF (fig. 1) [106, 107]. This concept is supported by
studies which showed that nucleotide-mediated activation of CaCC via purinergic (P2Y, receptor-
mediated) signalling improves ASL height and mucus transport in primary CF airway epithelia [108].
However, efforts to activate CaCC indirectly using the long-acting P2Y, receptor agonist denufosol failed to
improve lung function or reduce exacerbations in CF patients in recent trials [109]. Furthermore, the
development of drugs that activate CaCC directly has been hampered by the fact that its molecular identity
remained elusive for many years. Recently, important progress was made in this field and several CaCC
candidates were reported. While some of the proposed candidates, such as the CLCA family member
hCLCA1/mCLCA3, could not be confirmed as CaCC in native airway epithelia [110], it is now clear that the
transmembrane protein 16A (TMEMI16A, also known as anoctamin-1) constitutes a Cl” channel that
contributes to Ca**-dependent CI” secretion in human and mouse airways [111, 112]. In addition, emerging
data suggest SLC26A9, a member of the SLC26 family of anion transporters, as a promising alternative Cl°
channel in CF. As mentioned previously, recent studies in SLC26A9 knockout mice demonstrated that
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SLC26A9-mediated Cl™ secretion is activated in airway inflammation and is essential to prevent airway
mucus obstruction in the presence of mucus hypersecretion [52, 53]. Furthermore, a functional single
nucleotide polymorphism (rs2282430) in the 3’ untranslated region of SLC26A9 that reduced protein
expression by creating a binding site for a microRNA (has-miRNA-632) was shown to be associated with
asthma in children, and SLC26A9 variants were recently detected in patients with non-CF bronchiectasis
[113]. These results suggest SLC26A9 as a modifier and novel therapeutic target in CF and potentially other
mucostatic airway diseases, including severe asthma and COPD. Of note, SLC26A9 was also found to
contribute to the risk of meconium ileus in CF in a recent genome-wide association study [114]. The high
throughput screens of large chemical libraries, developed to identify compounds that rescue mutant CFTR
[59, 61], are now available for the discovery of drugs that open TMEM16A and SLC26A9 Cl' channels
directly without altering cytosolic Ca®", and test their potential as therapeutic targets to counteract deficient
CI" secretion and airway surface dehydration in CF.

CFTR dysfunction in non-epithelial cells

While the pathogenetic role of CFTR dysfunction in CF lung disease has been studied most extensively in
the superficial airway epithelium and submucosal glands, emerging evidence supports the notion that non-
epithelial cell types in the lung, such as innate and adaptive immune cells and fibroblasts, also express CFTR
[115, 116]. Importantly, myeloid cells, i.e. neutrophils and macrophages, that accumulate in CF airways and
are thought to drive chronic inflammation have been shown to express CFTR mRNA and protein and may
utilise CFTR for proper phagolysosomal function and intracellular bacterial killing [117-119]. While our
current understanding predicts that CFTR malfunction in airway epithelia is critical for triggering the
disease, emerging studies with conditional deletion of CFTR in myeloid cells in mice [120] and studies with
morpholino knock-down technology in zebrafish models [121] support the notion that CFTR dysfunction
in myeloid cells may contribute to the pathogenesis and outcome of P. aeruginosa infection in CF lung
disease. Beyond phagocytes, a potential role of CFTR in innate immunity includes other immune cell types,
such as dendritic cells and natural killer T-cells, a topic discussed in more depth previously [115].
Furthermore, recent studies in CF mice and pigs suggest that CFTR malfunction may be implicated in
abnormal development of cartilaginous airways that may contribute to early airflow obstruction, air
trapping and respiratory dysfunction in CF [122-124].

CFTR, cigarette smoke and COPD

Given the key role of CFTR in proper mucociliary clearance and airway defence, the obvious question arises
as to whether insights from CFTR research can be transferred to other more common chronic mucostatic
lung diseases, including COPD, which has emerged as one of the most common chronic diseases in adults
and the fourth leading cause of death worldwide [125]. COPD shares key phenotypical features with CF
including reduced mucociliary clearance, small airways mucus obstruction, goblet cell metaplasia and
mucus hypersecretion, chronic neutrophilic airway inflammation, and chronic bacterial infections [126, 127].
While it is well established that the majority of COPD is caused by cigarette smoke, the understanding of its
pathogenesis remains limited. Interestingly, studies analysing the effect of cigarette smoke on airway ion
transport demonstrated that cigarette smoke impairs CFTR expression and function in airway epithelia at
various levels, ranging from reduced transcription to protein degradation, and resulting in “acquired” CFTR
dysfunction (fig. 1) [128-130]. These studies demonstrated that cigarette smoke has acute effects on CFTR
activity in the airways of healthy nonsmokers, causing ~60% inhibition of CFTR-mediated Cl” secretion in
vivo, and causes airway surface dehydration and reduced mucus transport in vitro. Recent evidence also
suggests that smokers who developed COPD exhibit reduced CFTR-mediated Cl secretion in their upper and
lower airways, and that deficient ion transport is associated with airway mucus dehydration [129, 131, 132].
These results indicate that reduced levels of CFTR function in smokers may be insufficient for proper mucus
hydration in the presence of cigarette smoke-induced goblet cell metaplasia and mucin hypersecretion, and
may thus put smokers at risk for mucus stasis and chronic airways disease (fig. 1) [48, 50]. Moreover, recent
studies found an association between CFTR expression, ceramide accumulation and severity of emphysema in
COPD patients [133]. In addition, studies in mice showed that cigarette smoke decreases CFTR levels in lipid
rafts, and that CFTR is implicated in apoptotic and autophagic responses in cigarette smoke-induced lung
epithelial injury [134]. Interestingly, recent results indicate that effects of cigarette smoke on CFTR are not
limited to the lungs, but that smoking causes systemic CFTR dysfunction, probably via a circulating agent,
which may contribute to extrapulmonary disorders such as pancreatitis, male infertility and cachexia that have
been linked to cigarette smoking and are also characteristic features of CF [135]. Collectively, these studies
suggest that reduced levels of functional CFTR in smokers may contribute to COPD pathogenesis and that
drugs developed to improve mutant CFTR function in CF may also be beneficial in patients with COPD. As a
proof of concept, recent studies showed that the potentiator ivacaftor improved wild-type CFTR function and
counteracted the effects of cigarette smoke on CFTR-mediated Cl” secretion, ASL height and mucus transport in
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human bronchial epithelial cells in vitro [130]. However, clinical trials are required to evaluate the therapeutic
potential of CFTR modulators in COPD.

Conclusions and unresolved questions

The discovery of CFTR 25 years ago enabled CF researchers to unravel the molecular and cellular
pathogenesis of CF. Basic and translational studies, including heterologous cell lines, human primary airway
epithelia and animal models, have led to a detailed and still growing understanding of the function and
regulation of CFTR. These studies demonstrate that reduced ASL volume and pH due to CFTR dysfunction
are probable key pathogenetic mechanisms that cause early onset mucus plugging, trigger chronic
neutrophilic inflammation and impair anti-bacterial host defence in CF lung disease. Clinical trials with the
potentiator ivacaftor, one of the first CFTR modulators identified by high throughput screening, established
an important proof of concept that effective mutation-specific CF pharmacotherapy is possible. This
breakthrough constitutes a paradigm for the development of drugs for patients with other CFTR mutations.
However, despite these major advances, we are still faced with unresolved questions and remaining
challenges. For example, it remains uncertain how effectively misprocessing of the most common mutation
AF508 can be corrected, and how much correction is required to yield clinical benefits in patients? How can
we expand mutation-specific therapies to patients with rare CFTR mutations? Can rescue of mutant CFTR
function reverse chronic airway inflammation and infection? How early do we need to start treatment with
CFTR modulators to delay or even prevent chronic lung damage? To what extent can therapeutic targeting
of ENaC and alternative Cl” channels compensate for CFTR dysfunction in vivo? Beyond CF, how important
is CFTR in the pathogenesis of other mucostatic airway diseases including COPD, and could this knowledge
lead to more effective therapies for these common lung diseases? Therefore, basic and translational CF
research remains essential to solve these important issues and make disease-modifying therapies available to
all patients with CF, irrespective of their CFTR genotype or stage of disease.
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