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Abstract

Introduction: Obstructive lung diseases such as cystic fibrosis (CF) and chronic obstructive pulmonary
disease (COPD) are causes of high morbidity and mortality worldwide. CF is a multiorgan genetic disease
caused by mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene and is
characterized by progressive chronic obstructive lung disease. Most cases of COPD are a result of
noxious particles, mainly cigarette smoke but also other environmental pollutants.

Areas covered: Although the pathogenesis and pathophysiology of CF and COPD differ, they do share
key phenotypic features and because of these similarities there is great interest in exploring common
mechanisms and/or factors affected by CFTR mutations and environmental insults involved in COPD.
Various molecular, cellular and clinical studies have confirmed that CFTR protein dysfunction is common
in both the CF and COPD airways. This review provides an update of our understanding of the role of
dysfunctional CFTR in both respiratory diseases.

Expert Opinion/Commentary: Drugs developed for people with CF to improve mutant CFTR function and
enhance CFTR ion channel activity might also be beneficial in patients with COPD. A move toward
personalized therapy using, for example, microRNA modulators in conjunction with CFTR potentiators or

correctors, could enhance treatment of both diseases.

Key words: Cystic fibrosis transmembrane conductance regulator (CFTR), lung disease, cystic fibrosis
(CF), chronic obstructive pulmonary disease (COPD), microRNA.
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1. Introduction

Cystic fibrosis (CF) is a genetic disease 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 multiorgan disease, morbidity and mortality are mainly determined
by progressive chronic obstructive lung disease. The discovery of the CFTR gene set the stage for
unravelling the molecular and cellular basis of CF lung disease. Chronic obstructive pulmonary disease
(COPD) is a major and increasing global health problem and it is estimated to become the third leading
cause of death worldwide by 2020. The disease is caused by both genetic and environmental factors; in
particular, cigarette smoking is the main risk factor for the development of COPD.

Although the pathogenesis and the pathophysiology of these diseases are different, they share
key phenotypic features (Table 1), and recently great interest has arisen in investigating common
mechanisms and/or factors that can be affected by CFTR mutations and environmental insults involved
in CF and COPD, respectively. This article will focus on CFTR in CF and COPD, centering on similarities

and differences in CFTR expression and function between both diseases.

2. The Cystic Fibrosis Transmembrane Conductance Regulator
2.1 CFTR - discovery and structure

The CFTR gene (CFTR), which was mapped by positional cloning in 1985, is located on the long
arm of chromosome 7 (7931.2) and spans approximately 190 kb of genomic DNA. It has 27 exons of
various sizes producing a mature mRNA transcript of around 6.2 kb. In 1991, the cDNA sequence
of CFTR was determined along with the locations of intron/exon boundaries [1]. CFTR encodes a single

polypeptide chain of 1480 amino acids with a predicted molecular weight of 168 KDa [2-4].



2.2 CFTR protein - structure, expression and function

Based on the sequence of the CFTR protein, a structure was proposed that showed similarity to
proteins in the ATP-binding cassette (ABC) transporter family [3]. The CFTR protein is embedded in the
apical membrane of epithelial cells and is made up of distinct structural domains, including two
membrane-spanning domains (MSDs), two nucleotide binding domains (NBD) and a regulatory domain
(R) (Figure 1). The R region is unique to CFTR, as are the long N- and C- terminal extensions, which are 80
and 30 residues in length, respectively. The R domain is phosphorylated by the protein kinases A (PKA),
C (PKC) and 2 (CK2) and is dependent on the presence of intracellular ATP [5]. CFTR activity is likely
regulated by a large number of other proteins including post-synaptic density 95/disc-large/zona
occludens 1 (PDZ) interacting proteins and sulfate transporter and anti-sigma factor antagonist (STAS)
domain interactors [6]. The NBDs contain conserved motifs for ATP binding and hydrolysis.

CFTR is expressed in the epithelia of many exocrine tissues including the airways, lung, pancreas,
liver, intestines, vas deferens and sweat gland/duct [7]. The protein product primarily functions as an
ion channel that, in concert with the Ca?-activated CI~ channel (CaCC), secretes CI; this process
contributes to hydration of airway mucus. It also has the additional ability to transport bicarbonate [8]
and glutathione [9]. CFTR also plays a role in regulating the activity of other membrane proteins
including the epithelial Na* channel (ENaC) and there is evidence which suggests that mutated forms of
CFTR are unable to restrict salt absorption through ENaC [10]. Indeed, CFTR and ENaC play the most
important roles in maintaining fluid homeostasis by controlling the movement of water through the
epithelium, thus regulating the hydration of the epithelial surface in many organs. Prior to the effective
treatment of the gastrointestinal manifestations of CF, the Gl tract was responsible for most of the
lethality in CF. Currently most focus is on CFTR in the airways where epithelial CFTR dysfunction leads to
airway surface liquid (ASL) volume depletion due to an imbalance between CFTR—mediated Cl secretion

and ENaC-mediated Na* absorption [11].



2.3 CFTR processing

A large spectrum of regulatory and signaling events is involved in CFTR biogenesis and
trafficking. Quality control mechanisms modulate CFTR folding, stability and targeting to the plasma
membrane [12]. The CFTR polypeptide chain emerging from the ribosome is co-translationally inserted
into the endoplasmic reticulum (ER) through the sequential and coordinated action of signal and stop
transfer signals through the translocon. After insertion into the ER membrane, the nascent CFTR protein
emerges into the ER lumen. Here, glycosylation plays a pivotal role in the quality control process that
assesses the folding status of proteins destined for the secretory pathway (reviewed in [13]). Early
studies using gel electrophoresis identified three forms of CFTR; a fully glycosylated band C (mature), a
core-glycosylated band B (immature), and a non-glycosylated band A.

The regulation of CFTR trafficking, turnover and retention at the surface of epithelial cells is a
complex process. Several members of the Ras superfamily of small GTPases, such as Rab and Rho
subfamilies have been implicated in the regulation of these late stages of plasma membrane trafficking
(reviewed in [14]). Ten percent of plasma membrane CFTR is constitutively internalized each minute by
endocytosis through clathrin-coated vesicles [15]. Following internalization, CFTR is recycled back to the

cell surface with high efficiency [16].

3. Cystic fibrosis (CF)

CF is the most common fatal autosomal recessive disease among Caucasians and is found in all
ethnic groups [2,3]. It is estimated there are more than 70,000 CF patients worldwide (www.cff.org).
Chronic obstructive lung disease is the major cause of morbidity and is responsible for 80% of the
mortality in CF [18]. The lung disease is characterised by chronic lung infection and inflammation,
leading to irreversible lung damage and death. CF is caused by mutations in CFTR (see below). Although

its pulmonary manifestations are responsible for the major morbidity and mortality, the disease is also



characterised by an array of extrapulmonary clinical manifestations including exocrine pancreatic
insufficiency and CF-related diabetes, meconium ileus (intestinal obstruction) in the neonatal period,
liver involvement and, in a small proportion of patients, cirrhosis and portal hypertension. The principal
clinical manifestations of CF are an elevated sweat chloride concentration, progressive pulmonary
disease, exocrine pancreatic insufficiency and male infertility (recently reviewed in [19]). The primary
defect in the CFTR gene leads to the major pulmonary pathology of CF, inadequate homeostasis of the
ASL and consequently, impaired mucociliary clearance. This leads to an increased mucus viscosity,
chronic bacterial infection and inflammation, bronchiectasis and ultimately respiratory failure.

CF was first described as a disease entity in 1938 by Dorothy Andersen, who published a
detailed autopsy study of malnourished infants and characterised a disease of mucus plugging of
glandular ducts distinct from others with coeliac syndrome [20]. At that time, most people with CF died
shortly after diagnosis. However, significant improvements have been made in recent decades regarding
life expectancy, especially since the introduction in the mid-1980s of acid-resistant pancreatic enzyme
replacement therapies to compensate for pancreatic insufficiency [21]. According to the US CF
Foundation Patient Registry, the median predicted survival age for patients increased from 25 years in
1985 to over 41 by 2012 [22]. Since then there have been great advances in CF disease management

with the introduction of CFTR potentiatior and corrector drugs in the recent past [23-25]

3.1 Clinical effects of dysfunction CFTR in CF

During the last decade, huge progress has been made in understanding the cellular and
molecular basis of CF lung disease and their effects on the pathophysiology of the disease. As already

pointed out, this led to earlier diagnosis, better patient management and to a remarkable improvement



in survival and quality of life for CF patients. Furthermore, innovative and specific therapies targeting the
CFTR defect have been developed, in the context of personalized medicine [23-25].

Dysfunction of the CFTR protein in the airway of CF patients affects a multitude of cellular
functions, including transmembrane transport of CI, Na*, and bicarbonate, mucin secretion and
inflammatory signaling. This predisposes CF patients to chronic airway infection and associated airway
inflammation, leading to progressive lung injury and airflow obstruction [26].

Defective Cl" and bicarbonate transport into the airway lumen, consequent to dysfunction of the
CFTR protein, results in dehydration and acidification of ASL, production of viscous, acidic, and altered
secretions, and impairment in mucociliary clearance [27, 28]. There is emerging evidence of the key role
of bicarbonate secretion in regulating local pH and the airway milieu: bicarbonate drives ionic content
and fluids on epithelial surfaces, allows mucins to unfold and contributes to innate immunity. When
CFTR is dysfunctional, lack of bicarbonate and chloride secretion disrupts these normal processes and
creates an abnormal airway milieu, with impaired innate host defenses, that favours chronic airway
infection and inflammation leading to progressive lung injury and ultimately to respiratory failure. A
reduction in ASL pH in the CF pig model has recently been shown to decrease antimicrobial activity
which was restored by directly increasing pH [29]. In addition to the alterations of the airway milieu,
there is evidence that CFTR dysfunction itself is associated with defects in innate and adaptive immune
defenses that lead to impaired bacterial clearance and dysregulated inflammation [30, 31]. Chronic
airway inflammation in CF is mainly characterized by a persistent and marked neutrophil recruitment
into the airways. These cells release a variety of oxidants and granule-associated enzymes that
contribute to structural lung damage and lung function decline as well as to the maintenance of chronic
pulmonary infection. Neutrophilic airway inflammation is further augmented after the onset of chronic
bacterial infection and during the repeated episodes of acute infection that characterize the natural

history of the disease. In this context, the inflammatory response in the CF lung is non-resolving and



self-perpetuating, and a vicious cycle of inflammation and infection occurs that further contributes to
irreversible lung damage and disease progression [32, 33]. Additional ion channels to CFTR, are present
on the apical surface of airway epithelium and are involved in maintaining ASL volume and composition.
These include ENaC, CaCCs and the solute carrier 26A (SLC26A) family of anion exchangers; novel
treatments aimed at modulating these alternative channels and transporters could provide an attractive

alternative strategy to correct the ASL abnormalities evident in CF [22, 24].

4. Mechanisms of CFTR dysfunction in CF
4.1 Mutation classes

To date, almost 2000 different mutations of the CFTR gene have been identified and collected
by the international CF genetics research community [34]. The most common mutation (85% of patients
worldwide) is a three base deletion that removes a phenylalanine at position 508 (p.Phe508del) of the
CFTR protein. CFTR mutations can be divided into six major classes according to their deleterious effect
on the protein. Classes |-lll are associated with no effective CFTR function, while classes IV-VI have
residual function. However, very recently, it has been proposed that CFTR mutations can also provide
the scientific basis for mutation-specific corrective therapies and thus, are grouped into seven classes
according to their functional defect [24]. The underlying aim of this stratification of CFTR mutations is to
apply the same therapeutic correction to the basic defect in each class. These mutations are classified as
follows:
* Class | mutations result in the total or partial lack of production of a functional CFTR protein. Such
mutations may arise either due to premature termination signals because of splice site abnormalities,
frameshifts due to insertions or deletions, or nonsense mutations, for example G542X or R1162X.
* Class Il mutations are associated with defective processing due to misfolding of the protein and may

be found within any domain of the CFTR protein. The misfolded protein is retained in the endoplasmic



reticulum and re-translocated to the cytoplasm, where it is degraded by the ubiquitin/proteasome
pathway. This class includes the most common mutation, p.Phe508del. It has been shown that
p.Phep.Phe508del leads to energetic and kinetic instability of the NBD1 domain due to improper local
folding [35].

* Class lll mutations are frequently located in the ATP binding domains (NBD1 and NBD2) and are
referred to as gating mutations. They are missense mutations which produce a protein that is efficiently
inserted in the apical membrane at normal levels but is resistant to activation by PKA. The best known
example is G551D [36].

* Class IV mutations are mostly located within membrane spanning domains implicated in the
constitution of the channel pore. The missense mutations located in these regions produce a protein
that is inserted into the membrane appropriately and retains cAMP-dependent chloride channel activity,
but has reduced channel conductance [37].

* Class V mutations reduce the total amount of CFTR protein by affecting pre-mRNA splicing. These
mutations allow synthesis of some normal CFTR mRNA (and protein), although at very low levels [38].
This class also includes promoter mutations that reduce transcription and mutations that encode amino
acids that cause inefficient protein maturation [39].

* Class VI mutants have impaired CFTR protein plasma membrane stability [40].

* A newly described class, Class VII, includes mutants ‘unreachable by pharmacological means per se’.

[24].

Despite efforts by the scientific community to classify all CFTR mutations, this system and others
are limited in their scope. For instance, one single mutation can show different defects and can
therefore be classified into more than one class (e.g. p.Phe508del (Class Il, lll and VI)). It must also be

considered that at present the majority of CFTR mutations have not been functionally characterized.



Functional studies on agnostic class VIl mutations will facilitate a clearer understanding of these specific

defects.

4.2 Other mechanisms affecting CFTR expression in CF

Other mechanisms that can affect CFTR expression in CF include transcriptional and post-
transcriptional events. Expression of CFTR is normally tightly controlled and is spatially and temporally
regulated, although CFTR transcription can begin at different start sites depending on the tissue or
developmental stage in question [41]. CFTR can also be post-transcriptionally regulated by microRNAs
(miRNAs) [41-43].

Expression of miRNA is known to be altered in many pathological states, including lung
inflammation and disease. Our group was the first to examine miRNA expression in CF [44]. Numerous
miRNAs had altered expression between CF and non-CF bronchial epithelium, and some of the altered
miRNAs were predicted to regulate CFTR. Various other published studies have examined the role of
miRNAs in the direct or indirect control of wild type (wt) or mutant CFTR expression [41-43, 45-50].
Based on these published studies the lead miRNAs that have been experimentally validated as
regulators of wt and/or p.Phe508del CFTR are miR-101, miR-145, miR-223, miR-494 and miR-509-3p. It

may be feasible to modulate CFTR expression in the future using miRNA-targetting medicines [51].

5. Chronic obstructive pulmonary disease (COPD)
5.1 COPD

COPD is characterized by a persistent airflow limitation that is usually progressive and
associated with an enhanced chronic inflammatory response of the airways and lungs to noxious
particles or gases (e.g. tobacco smoke)[52]. COPD is the fifth leading cause of death in high-income

countries, however globally it is the third leading cause of death [53], resulting in 2.9 million deaths
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annually and accounting for 6% of the global healthcare budget [54, 55]. Worldwide, more than 12
million people are currently diagnosed with COPD and an additional 12 million are likely to have the
disease but are undiagnosed. The disease kills more than 120,000 Americans each year and the number
of people with COPD is increasing [56]. Each year, about 300,000 people die in Europe due to COPD [77],
and the morbidity, disability, economic and social impact of COPD is substantial and increasing. The
main cause of COPD in Europe and the USA is cigarette smoking or exposure to second-hand
smoke/passive smoke exposure. According to WHO (World Health Organization) estimates in 2005,
worldwide 5.4 million people died due to tobacco use that year and tobacco-related deaths are
projected to increase to 8.3 million deaths per year by 2030 [58].

In low-income countries exposure to smoke from biomass fuels used for cooking and heating is a
major cause of COPD. Almost 3 billion people worldwide use biomass and coal as their main source of
energy for household needs. In these communities, indoor air pollution is responsible for a greater
fraction of COPD risk than smoking or outdoor air pollution and accounts for the high prevalence of
COPD among non-smoking women in parts of the Middle East, Africa and Asia. Indoor air pollution
resulting from the burning of wood and other biomass fuels is estimated to kill two million women and
children each year. Other risk factors for COPD include occupational dusts and chemicals (such as

vapours, irritants, and fumes) and frequent lower respiratory infections during childhood.

5.2 Clinical relevance of CFTR dysfunction in COPD

Although the pathogenesis and the pathophysiology of CF and COPD are different, they share
key phenotypic features and both diseases are associated with neutrophilic inflammation in the airway
lumen, progressive airflow obstruction and recurrent exacerbations that significantly contribute to

morbidity and mortality. These similarities raise the possibility that common mechanism may contribute
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to both CF and COPD. Growing evidence suggests that cigarette smoking induces an acquired CFTR
dysfunction in patients with a normal CFTR genotype [59-61].

The first evidence that airway ion secretion may be altered in cigarette smokers was reported by
Welsh [62] well before CFTR had been discovered. Several studies have subsequently confirmed that
sustained exposure to cigarette smoke, or cigarette smoke extract (CSE) reduces CFTR expression and
function in vivo, in the airways of smokers and patients with COPD, and in airway epithelial cells in vitro
[62-66]. Furthermore, it has been shown that CSE is capable of inducing a delayed mucociliary transport
in vitro, and a marked increase in mucus expression both in vitro and in vivo [67—69]. Interestingly, in
patients with COPD, significant correlations have been shown between clinical manifestations such as
dyspnea and symptoms of chronic bronchitis and the levels of CFTR suppression in their lower airways
[64]; furthermore, the density of CFTR protein expression in the lung of patients with emphysema was
shown to be significantly correlated with lung function and inversely correlated with COPD stage [70]. In
mice overexpressing the B subunit of ENaC (BENaC) a decrease of CFTR function was reported to
aggravate the airway mucus obstruction and mortality, consistent with a role of CFTR in defining the
severity of COPD manifestations [71]. These studies strongly suggest that CFTR dysfunction induced by
cigarette smoke likely plays a role in COPD pathogenesis and may represent a potential target for the
development of novel therapeutic approaches. Several independent mechanisms have been proposed
to account for the effects of cigarette smoking on CFTR, including malfunctioning transcription,
alteration of protein stability and function, and accelerated internalization of CFTR channels from the
apical plasma membrane [63, 64, 66, 67, 69, 70]. The acquired CFTR dysfunction results in a reduced
capacity of the airway epithelium to secrete fluid and leads to ASL dehydration, and together with mucin
hypersecretion, is predicted to contribute to the development of chronic bronchitis in smokers and

COPD patients, and to aggravate mucus hyperconcentration and plugging in COPD airways [69, 72, 73].
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Chronic mucus hypersecretion is present in most COPD patients and is independently associated
with lung function decline; therefore, the possibility of treating mucus hypersecretion by therapeutic
strategies that correct CFTR dysfunction is clinically relevant.

Bicarbonate secretion is also mediated by CFTR [8] and plays a crucial role in regulating local pH
and the airway milieu; it also allows mucins to unfold and contributes to innate immunity [26-28];
tobacco smoke exposure induces a decrease of bicarbonate secretion presumably resulting in
acidification of the ASL [74, 75]. The loss of CFTR function induced by cigarette smoke exposure is also
associated with loss of lipid raft CFTR, increased membrane ceramide accumulation and increased
apoptosis [76]. It has also been shown that altered CFTR lipid rafts in macrophage exposed to cigarette
smoke impair macrophage bacterial phagocytosis and killing, which might contribute to recurrent
bacterial infections in the disease [77]. Interestingly, it has been reported that COPD patients with a
history of disease exacerbations during the past year exhibited less CFTR function than those without a
history of exacerbations, further emphasizing the clinical consequences associated with acquired CFTR
dysfunction in COPD [67].

Several toxic agents in cigarette smoke are capable of inducing changes in CFTR gene
expression, protein stability and anion conductance. Current evidence implicates acrolein and cadmium
as cigarette smoke constituents that inhibit CFTR function in vitro [78-80]. Cadmium was also shown to
accumulate in the lungs of COPD patients with GOLD stage IV (The Global Initiative for Chronic
Obstructive Lung Disease) and negatively correlate with CFTR expression, suggesting that this heavy
metal may act as a toxin that continuously inhibits CFTR expression in severe COPD patients [81].
Interestingly, CFTR dysfunction has also been shown to be induced by oxidative stress, neutrophilic
inflammation, and hypoxia, conditions that are known to be associated with advanced COPD. Increased
levels of neutrophil elastase that have been reported in COPD airways may also play a role in acquired

CFTR dysfunction observed in COPD patients, as neutrophil elastase can induce CFTR degradation [82].
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CFTR dysfunction has also been documented at a systemic level in smokers with or without
COPD: Raju and colleagues reported that healthy smokers and smokers with COPD had elevated sweat
chloride levels compared with normal control subjects, indicating that sweat glands are also affected by
cigarette smoking and COPD [78]. In the same study, by using intestinal current measurements, a 65%
decrease in CFTR function in the rectal epithelium was observed in smokers compared with never
smokers, confirming an acquired extrapulmonary CFTR dysfunction in smokers.

Thus, there is now a large body of evidence indicating that acquired CFTR dysfunction induced
by cigarette smoke may contribute to COPD pathogenesis, particularly in patients with the chronic
bronchitis phenotype. Taken together, recent studies in animal models, human airway epithelia, and
patients support the concept that ASL dehydration in combination with mucus hypersecretion and a
reduced capacity to hydrate secreted mucins, is an important disease mechanism leading to mucociliary

dysfunction and mucus plugging, which in turn trigger inflammation and facilitate bacterial infection.

6. Mechanisms of CFTR dysfunction in COPD

COPD and cystic fibrosis share many clinical manifestations, including airway obstruction and
inflammation, chronic bronchial infections and acute respiratory exacerbations. This could be due to the
presence of overlapping pathways among these two respiratory diseases, and an ongoing body of
evidences suggests that a key player could be dysfunctional CFTR. Several clinical studies have reported
that CFTR activity is impaired in the lower airways of smokers with or without COPD [63, 64]. Moreover,
these studies showed that CFTR dysfunction due to cigarette smoke (CS) is associated with such clinical
characteristics as chronic bronchitis and dyspnea [64].

While CS-induced CFTR dysfunction in clinical studies is often measured in terms of nasal
potential difference, it is primarily measured in vitro as a reduced short-circuit current (Isc) when cells

are mounted in Ussing chambers and treated with CS, as shown by very early reports dated even before
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the discovery of the CFTR gene [62]. The negative effect of CS exposure on CFTR-dependent I has
repeatedly been reported by others [65, 67, 78, 83, 84]. The consequences of an impaired chloride ion
conductance following CS exposure resembled the pathological features of CF cells, i.e. decreased ciliary
function, dehydration and reduction of ASL, increased mucin production and impaired mucus clearance.
Indeed, following CS exposure many authors observed a decrease in ASL height [66, 70] and in
mucociliary transport in vitro [67], while mucin secretion was higher when bronchial epithelial cells were
treated with CS compared to controls [65].

The molecular and cellular mechanisms that lead to CFTR dysfunction in smokers are currently
under investigation and they could represent, when specifically addressed, a target for the development
of novel therapeutic strategies in COPD and other respiratory diseases where smoke plays a central role.
For this reason, several research groups have aimed to investigate the mechanisms that could be
responsible for CS-induced CFTR dysfunction in vitro and reported them at different stages of the gene

regulatory network.

6.1 Transcriptional and post-transcriptional effects

While investigating the role of CFTR in oxidative stress in the context of glutathione transport
[85], Cantin and collaborators discovered that the rate of CFTR mRNA degradation was accelerated in
CFTR-expressing cells (T84 and Calu-3) treated with oxidants compared to controls [63]. When the same
cells were exposed to CS, a well-known source of oxidants with more than 10*° radicals/puff [86], CFTR
mMRNA levels were decreased compared to control-treated cells as measured by Northern blotting [63].
Interestingly, conserved antioxidant response elements (AREs) were identified within the CFTR promoter
and were reported to recruit Nrf2, a transcription factor that plays a key protective role against
oxidative stress [87]. Zhang and co-authors showed that bronchial epithelial cells treated with the Nrf2

agonist sulforaphane, a naturally occurring antioxidant, respond with an initial increase of CFTR mRNA
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expression due to recruitment of Nrf2 in the nucleus, followed by a time-dependent decrease [88].
These data collectively show that CFTR mRNA expression can be modulated subsequent to oxidative
stress that notoriously persists in cigarette smokers.

At a post-transcriptional level, CFTR mRNA is known to be negatively regulated by a set of lead
mMiRNAs including miR-101, miR-144 and miR-223 [89]. Interestingly, CS-exposed bronchial epithelial
cells express higher levels of miR-101 and miR-144 than control-treated cells, and the results for miR-
101 are paralleled in vivo in mice treated with CS and in lung tissues of COPD patients [51]. Interestingly,
miR-223 is also up-regulated in smokers with COPD [90] overall, suggesting that alteration in miRNA

expression could contribute to CS-induced CFTR dysfunction.

6.2 Post-translational effects

Independent of mRNA regulation, CS has been shown to negatively affect CFTR protein levels
directly. Clunes and collaborators observed by immunofluorescence that CFTR was completely absent
from the apical membrane of primary bronchial epithelial cells after only 10 minutes of CS exposure
[66]. The authors reported that following CS treatment CFTR was removed from the plasma membrane,
internalised and trafficked to an aggresome-like perinuclear compartment, possibly subsequent to
quality control mechanisms. Further studies revealed that CS treatment increased cytosolic Ca%* levels
and CS-induced CFTR internalisation could be reversed when cells were pre-incubated with the Ca%
chelator BAPTA-AM [70]. While neither endoplasmic reticulum nor mitochondria were found to be the
sources of the increased Ca®* levels, further experiments where lysosomal transport was inhibited by
bafilomycin showed a rescue of the CS-induced CFTR internalization, suggesting that this phenomenon is
accompanied by Ca?* release from the lysosomes.

Some research groups also focused on particular components of CS and found interesting

mechanisms that affect CFTR function. As mentioned, cadmium, a toxic heavy metal abundantly present
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in CS, can decrease CFTR protein levels in human airway epithelium in vitro and in mice in vivo [79]. The
mechanism involves cadmium-induced ubiquitination of CFTR protein, leading to its degradation; this
mechanism can be prevented by the antioxidant a-tocopherol. The toxic aldehyde acrolein was reported
to decrease CFTR function in primary murine nasal septal epithelia [83] and human bronchial epithelial
cells [78]. Further studies showed that acrolein biochemically altered CFTR protein and that these
covalent modifications could change the structure of the channel, thereby impairing its function and
possibly its stability on the cell surface [61].

Interestingly, second-hand smoke has also been reported to affect CFTR function in vitro [91].
Using a custom-designed exposure system where the concentration of carbon monoxide (CO) was kept
around 5 ppm, (i.e. the levels of CO estimated as second-hand smoke in households and cars), bronchial
epithelial cells were exposed to CS. Cells showed a reduced forskolin-stimulated I paralleled by a
decrease in CFTRinh172-sensitive |, suggesting that the chloride transport through CFTR was impaired.

In this context, it is reasonable to hypothesise that drugs that attempt to restore CFTR chloride
channel function could be attractive for COPD individuals with acquired CS-induced CFTR dysfunction.
Sloane and collaborators showed that the clinically approved CFTR potentiator ivacaftor (VX-770) was
able to rescue CS-mediated inhibition of CFTR in non-CF bronchial epithelial cells in terms of CFTR-
dependent I, ASL height and mucociliary transport [67]. The same results were confirmed in another
recent study [78] and demonstrate that CFTR potentiation could represent a therapeutic strategy for
COPD. On the other hand, the bioactivity of drugs clinically approved for COPD patients could be
explained by their role in recovering CFTR function after CS exposure. For example, the
phosphodiesterase-4 inhibitor roflumilast was shown to activate the CFTR channel, as shown by the
increase of Isc in bronchial epithelial cells treated with increasing concentrations of roflumilast [92]. This
mechanism was due to an increase of intracellular cAMP levels following roflumilast treatment leading

to increased phosphorylation (and thus activity) of the CFTR channel and eventually to a recovery of the

17



CS-induced CFTR inhibition. These data were confirmed by others where roflumilast was also shown to
rescue ASL dehydration [93] and partially restore ciliary dysfunction [94] caused by CS exposure in

bronchial epithelial cells.

Expert Commentary

CFTR gene defects are responsible for CF and its pulmonary manifestations. It is becoming
increasingly clear that CFTR dysfunction in smokers may contribute to the pathophysiology of COPD,
however direct clinical evidence for this has yet to be published. Nonetheless it is highly likely that drugs
developed for people with CF to improve mutant CFTR function and/or enhance CFTR ion channel
activity might also be beneficial in patients with COPD. Although a number of studies have shown the
potential benefit of enhancing CFTR activity in vitro [61, 67, 92-94] the challenge for researchers is to
perform even more studies using a range of CFTR-targeted therapies and as wide range of CFTR
functional outputs as possible. Collectively these would demonstrate whether enhancement of CFTR
expression and function in COPD epithelium has true efficacy. This data would encourage clinical studies
of CFTR-targeted therapies in COPD.

Within the CF field combinations of CFTR-directed therapies can be tested for CFTR correction in
ex vivo models using a patient’s own cells e.g. intestinal organoids, nasospheroids. For example, patient-
derived ex vivo rectal biopsies can be tested for CFTR function and the effects of CFTR modulators can
be assessed on these epithelia. A newer method employs the use of three-dimensional epithelial
organoids derived from primary culture of rectal biopsies [95-103]. Forskolin-induced swelling of these
organoids can assess CFTR function in response to treatment with approved or investigational drugs. A
similar strategy could be implemented for COPD sufferers. However, whether intestinal organoids
directly recapitulate the functional characteristics of airway epithelium, whether CFTR activity in these

organoids is an accurate predictor of lung disease, and if intestinal epithelium can actually predict
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airway response to CFTR drugs is not known. Thus nasal-derived cells cultured into nasospheroids may
be a more appropriate model to use [104]. This personalised medicine approach would correctly assess
whether an individual patient will likely respond to a given CFTR modulator or respond better versus
another choice. Ultimately, a move toward personalised therapy using, for example miRNA modulators
in conjunction with CFTR potentiators or correctors, could enhance treatment of both diseases.

The rapidly advancing field of induced pluripotent stem cell (iPSC) technology can also help to
solve the challenge of CFTR dysfunction in COPD. The generation of human iPSCs from blood has
become a manageable feat [105—107]. These cells can be differentiated into pulmonary cells and be
used to assess CFTR function as well as for the validation of candidate drugs using electrophysiological
assays that can quantify CFTR function [108-110]. However, it is important to note that the ex vivo state
of COPD iPSCs may not represent CFTR dysfunction in COPD patients because the culturing environment
no longer contains the harmful noxa. Nonetheless, iPSCs will be a useful tool for drug discovery.

Whilst existing CFTR modulator drugs, in theory, can now be used to treat almost 90% of people
with CF, researchers continue to develop novel alternative therapeutics that could be used
independently to treat CF or as adjunct therapies to be co-administered to patients with CF under
certain specific conditions. Adjunct therapies need to be considered for various reasons including, for
example, to address impaired innate immune mechanisms and intrinsic defects in CF neutrophils [30] or
microRNAs which are affected by infection or inflammation that can impact on CFTR drug efficacy. Thus,
the efficacy of CFTR modulators could be enhanced by co-administration with, for example, nebulised
nanoparticles encapsulating microRNA-modulating drugs that enhance CFTR expression.

Although CF is a rare disease, it is tantalizing to imagine that drugs developed specifically to
enhance the health and quality of life of people with CF, could have therapeutic benefit for the vast

number of people suffering from COPD worldwide.
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Five-year view

The next five years is likely to see a flurry of developments in this area. Key amongst these will
be clinical studies designed to clearly demonstrate that CFTR dysfunction contributes to the pulmonary
manifestations of COPD and that it represents a drug target in COPD. Identifying which stage of disease
and what class of patient would benefit from CFTR-targeted therapies will also need to be determined
during or soon after this time. In line with this, we will no doubt see a series of publications reporting
the effects of a selection of CFTR-targeted therapies on CFTR function in advanced ex vivo 3-D models of
COPD epithelium and air-liquid interface epithelial cultures derived from patient iPSCs. Within this time
period we may also begin to see clinical trials testing combinations of existing and new CFTR modulators

in people with COPD.
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Key Issues

Mutations in CFTR underpin the clinical manifestations of CF. The primary defect in the CFTR
gene leads to the major pulmonary pathology of CF; inadequate homeostasis of the airway
surface liquid and impaired mucociliary clearance. This leads to an increased mucus viscosity,
chronic bacterial infection and inflammation, bronchiectasis and ultimately respiratory failure.
CFTR mutations can be divided into six major classes according to their deleterious effect on the
protein. Classes I-lll are associated with no effective CFTR function, while classes IV-VI have
residual function. A newly described class, Class VII, includes mutants ‘unreachable by
pharmacological means’.

The main cause of COPD in Europe and the USA is cigarette smoking or second-hand
smoke/passive smoke exposure. In low income countries exposure to smoke from biomass fuels
used for cooking and heating is a major cause of COPD.

Although the pathogenesis and pathophysiology of CF and COPD differ, they share key
phenotypic features and because of these similarities there is great interest in exploring
common mechanisms and/or factors affected by CFTR mutations and environmental insults
involved in COPD.

Various molecular, cellular and clinical studies have confirmed that CFTR protein dysfunction is
common in both the CF and COPD airways.

CFTR modulator therapies aim to enhance CFTR expression and function. These include
potentiators, correctors, stabilisers and amplifiers and were developed for people with CF to
improve mutant CFTR expression or function and/or enhance CFTR ion channel activity however

they might also be beneficial in patients with COPD.
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Table 1. Major differences and similarities between cystic fibrosis and COPD

FEATURES

CYSTIC FIBROSIS

COPD

MAJOR DIFFERENCES

Etiology Inherited disease Acquired multifactorial
disease
CFTR dysfunction CFTR gene mutations Acquired CFTR dysfunction

(mainly smoking-induced)

Lung disease onset

Usually starts early in
childhood

Clinical manifestations start
>40 years of age.
Prevalence increases with
age

Clinical phenotypic
features

Bronchiectasis
Chronic airway infection

Chronic bronchitis and
emphysema;

bronchiectasis less common
Chronic airway infection less
common

MAJOR SIMILARITIES

Clinical features

Chronic progressive lung disease
Irreversible airflow obstruction
Recurrent infectious exacerbations

Pathologic features

Mucus hypersecretion and plugging
ASL dehydration
Chronic airway inflammation
Tissue damage and remodelling
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