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Targeting a genetic defect: cystic fibrosis

transmembrane conductance regulator

modulators in cystic fibrosis
Nico Derichs

ABSTRACT: Cystic fibrosis (CF) is caused by genetic mutations that affect the cystic fibrosis

transmembrane conductance regulator (CFTR) protein. These mutations can impact the synthesis

and transfer of the CFTR protein to the apical membrane of epithelial cells, as well as influencing

the gating or conductance of chloride and bicarbonate ions through the channel. CFTR

dysfunction results in ionic imbalance of epithelial secretions in several organ systems, such

as the pancreas, gastrointestinal tract, liver and the respiratory system. Since discovery of the

CFTR gene in 1989, research has focussed on targeting the underlying genetic defect to identify a

disease-modifying treatment for CF. Investigated management strategies have included gene

therapy and the development of small molecules that target CFTR mutations, known as CFTR

modulators. CFTR modulators are typically identified by high-throughput screening assays,

followed by preclinical validation using cell culture systems. Recently, one such modulator, the

CFTR potentiator ivacaftor, was approved as an oral therapy for CF patients with the G551D-CFTR

mutation. The clinical development of ivacaftor not only represents a breakthrough in CF care but

also serves as a noteworthy example of personalised medicine.

KEYWORDS: CFTR modulators, cystic fibrosis, G551D mutation, ivacaftor, personalised

medicine, VX-770

D
orothy Hansine Andersen was the first
person to comprehensively describe and
document cystic fibrosis (CF) in the 1930s [1].

In subsequent decades, clinical practice evolved
in a stepwise fashion by delivering improved
symptom-modifying treatments that improved
patient prognosis and quality of life. This was
mainly achieved by nutritional supplementation,
physiotherapy and administration of antibiotic/
anti-inflammatory medication [2]. Research into
the underlying pathophysiology, however, made a
significant leap forward with the identification of
the underlying cause of CF, mutations in the cystic
fibrosis transmembrane conductance regulator
(CFTR) gene [3–5]. The advance of genomics-led
research provided a sound basis to identify novel
drug candidates that target and repair specific
CFTR mutations and, in doing so, ushered CF care
into a new era of personalised medicine [6].

GENETICS OF CFTR
CF is a rare monogenic disorder that mainly affects
individuals of Caucasian descent. In Europe, around

one in every 2,000–3,000 neonates is diagnosed

with CF and in the USA this incidence is reported

to be slightly less at one in 3,500 births [7, 8]. In

order to manifest CF, an individual must inherit

two defective CFTR genes (or alleles), one from

each parent. Promotion of the CFTR gene normally

results in expression of the CFTR protein: a

transmembrane channel located in the apical

membrane of epithelial cells responsible for the

transport of chloride and bicarbonate ions into and

out of the cell.

The CFTR gene is located on the long arm of
chromosome 7 at position q31.2 [9]. To date, over
1,900 sequence variations in the CFTR gene have
been reported [10], although a detailed under-
standing of how CFTR mutations impact channel
dysfunction is limited to a only a few of these
[11]. This implies a relatively small list of well-
defined CFTR mutations known to be CF disease
causing, whereas the functional consequence
of various rare sequence variations remains
unknown or has been shown not to be CF disease
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causing [12]. The majority of identified CFTR gene mutations
fall into one of six classes that account for ,80% of all CF
patients [9]. Of the .1,900 CFTR mutations that have been
identified so far, approximately only 20 mutations have a
frequency .0.1% [9]. In fact, notwithstanding the common
F508del variant, only four CFTR mutations have a frequency
.0.1%: G551D, W1282X, G542X and N1303K, having a world-
wide prevalence of around 1–3% each [9, 11]. F508del is the
most common mutation with an allelic frequency of around
90% worldwide [13].

Mutation classification
Class I and II CFTR mutations are typically characterised by a
reduction in the quantity of expressed CFTR protein (fig. 1).
Class I mutations can result from nonsense and frame-shift
mutations, as well as mRNA splicing defects [14]. For example,
G542X is a nonsense or stop mutation, where introduction of a
premature termination codon (or stop codon) results in
premature cessation of translation and production of truncated
CFTR protein. Class II mutations, including F508del, have
folding or maturation defects, which can result in premature
CFTR degradation (fig. 1) [9].

Class III and IV mutations, however, are typified by aberrant
channel function rather than reduced quantities of CFTR. Class III

mutations result in limited channel gating that arises from
ineffectual binding of nucleotide; an example is G551D which
accounts for 2–3% of CFTR mutations worldwide. CFTR channels
with Class IV mutations are able to open and close; however,
chloride and bicarbonate ions are unable to freely pass through
the channel due to conductance defects [9].

While Class V mutations can lead to the production of normal
CFTR, a limitation of transcriptional regulation results in a
reduced quantity of the protein being produced [9, 11]. Finally,
the relatively novel Class VI mutations are characterised by
high turnover of CFTR at the channel surface (fig. 1) [15].

CFTR PROTEIN STRUCTURE
The CFTR protein is a cyclic adenosine monophosphate-
regulated chloride ion channel composed of 1,480 amino acids
[16]. The channel is an ATP-binding cassette transporter and is
composed of five domains: two transmembrane domains
(TMD1/TMD2) that form the channel pore, one regulatory
domain (R), and two nucleotide binding domains (NBD1/
NBD2) [17]. Classical channel opening is thought to be brought
about by phosphorylation of the R domain by protein kinase A
and recruitment of ATP to the nucleotide binding domains,
NBD1 and NBD2. These domains dimerise (NBD1:NBD2) to
open the channel pore. Upon subsequent ATP hydrolysis, the
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FIGURE 1. Cystic fibrosis transmembrane conductance regulator (CFTR) gene mutations are categorised into six classes. Mutation classes I, II, V and VI result in an

absence or reduced quantity of CFTR protein at the cell membrane, whereas mutation classes III and IV influence the function or activity of CFTR at the cell membrane. Class I

mutations are associated with the greatest disruption to CFTR-mediated chloride transport; in general, chloride transport gradually increases through the remaining five

classes, with the greatest activity being observed in Class IV–VI mutations.
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NBDs disassociate to close the channel [9, 17]. The entire process
of channel opening and closing is aptly termed channel ‘‘gating’’.

CFTR PROTEIN SYNTHESIS
Under normal circumstances, extracellular signals instigate
CFTR gene expression by promoting transcription of the CFTR
gene into mRNA. The resultant single strand template then
migrates through nuclear pores to interact with ribosomes in the
cytoplasm or in the endoplasmic reticulum. Here, in combina-
tion with transfer RNA, the CFTR gene is translated into nascent
chains of amino acids [9, 16]. The resulting polypeptides are
assembled into the immature CFTR protein product, which is
subsequently folded within the lipid bilayer of the endoplasmic
reticulum [18]. Following further maturation steps in the
endoplasmic reticulum, CFTR protein is then transferred to the
Golgi apparatus for post-translational modification and packa-
ging into transport vesicles. Finally, the channel is transported or
‘‘trafficked’’ to the cell surface for final expression on the apical
membrane of epithelial cells [9, 16]. The entire process is
summarised in figure 1. Mutations in the CFTR gene can impact
each step in protein synthesis: from gene transcription, through
protein translation, folding and trafficking, to expression and
gating of the channel on the cell surface.

CLINICAL MANIFESTATIONS OF CF
The clinical manifestations of CF have been noted in several
organ systems with the respiratory system being the worse
affected. With the exception of the sweat gland, regardless of
organ or tissue, the absence or dysfunction of CFTR results in
an ionic imbalance that results in the secretion of thick,
dehydrated mucus [19]. Mucosal obstruction of exocrine
glands is the main cause of CF-associated pathology.

Sweat gland
Excessive secretion of sodium chloride by sweat glands is
characteristic of CF; in fact, the majority of patients diagnosed
with CF have sweat chloride levels exceeding 60 mmol?L-1

[20]. In healthy individuals, CFTR protein is responsible for
reabsorption of chloride (and subsequently sodium) in the re-
absorptive duct of the sweat gland. Absence or dysfunction of
CFTR impedes this process, giving rise to hypertonic beads of
sweat as seen in CF [20, 21].

To investigate the relationship between CFTR functionality and
sweat chloride concentration, ROWE et al. [22] evaluated sweat
chloride levels in CF patients as a function of predicted CFTR
activity. CFTR activity was based on previous reports of the
relationship between CFTR genotype and phenotype and on in
vitro investigations (fig. 2). The authors assumed that normal
individuals have 100% CFTR activity whereas healthy carriers
have CFTR activity of 50%. In this study, normal adults without
CFTR mutations had a mean sweat chloride concentration of
,20 mmol?L-1. Carriers, with a single CFTR mutation, showed a
small increase in sweat chloride levels compared to normal
subjects, with mean levels of ,26 mmol?L-1. CF patients with
one severe and one mild CFTR mutation were reported to have
an average sweat chloride of ,80 mmol?L-1. Those with two
severe mutations had the most severe sweat chloride abnorm-
alities with an average in excess of 100 mmol?L-1. This study
demonstrated a clear correlation between sweat chloride levels
and CFTR functionality. However, it should be noted that there

are several potential drawbacks of the sweat test, including
reports of false-negative or false-positive results [24].

Pancreas and GI tract
Pancreatic insufficiency is thought to occur in 90–95% of CF
patients. Defective secretion of digestive enzymes and resulting
fat malabsorption in the gastrointestinal system has several
consequences including steatorrhea and failure to thrive. In
addition, ionic imbalance in the biliary tract may lead to
increased risk of gall stone and hepatobiliary disease [2, 19].
Pancreatic abnormalities also can cause CF-related diabetes,
which has a prevalence of ,25% in CF patients aged .25 yrs [8].

Reproductive system
Around 99% of adult males with CF have congenital bilateral
absence of the vas deferens, which is a developmental defect
that blocks the transport of spermatozoa from the testes or
epididymis to the vas deferens resulting in azoospermia [9, 25].
Generally speaking, infertility in females with CF has a less
serious outcome than in males and is thought to be due to
thickening of cervical mucus [26].

Airways
The most significant clinical manifestations of CF are in the
lung and airways. In bronchial tissues, CFTR protein is
expressed in the submucosal glands and the apical surface of
ciliated epithelial cells [27, 28], and has been shown to play a
critical role in epithelial wound repair [29]. Normally, effective
mucociliary transport is facilitated by sufficient hydration of
the airway surface liquid (ASL); an important periciliary and
mucus layer that lines the airway tract [30, 31]. ASL hydration
is achieved through establishment of an osmotic gradient by a
predominant efflux of chloride ions through CFTR channels,
coupled with a moderate influx of sodium ions through epithelial
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FIGURE 2. Correlation of sweat chloride levels with cystic fibrosis transmem-

brane conductance regulator (CFTR) protein expression and function. In cystic

fibrosis (CF) patients with Class I–III CFTR mutations, absent or minimal CFTR

function results in exocrine pancreatic insufficiency and highly elevated levels of

sweat chloride concentration. Residual CFTR function in CF patients with Class IV–

V CFTR mutations is associated with exocrine pancreatic sufficiency and sweat

chloride levels above or below the diagnostic cut-off of 60 mmol?L-1. CFTR-related

disorders are non-CF conditions with some CFTR dysfunction, usually presenting

with intermediate or normal sweat chloride values and CFTR mutations that are

known to affect mRNA production, although to a lesser degree than CF-causing

CFTR mutations [23]. CBAVD: congenital bilateral absence of vas deferens.

Modified from [22] with permission from the publisher.
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sodium channels in the apical membrane. Absence or dysfunc-
tion of CFTR leads to a lack of chloride efflux and unregulated
hyperabsorption of sodium ions. This imbalance of the osmotic
gradient causes ASL dehydration, increased mucoviscosity and
impaired mucociliary transport [30, 32]. Without intervention,
this situation gradually deteriorates causing plugging of small
airways, bacterial infection, chronic local inflammation and
eventually bronchiectasis [9, 19, 21]. Furthermore, repeated
pulmonary exacerbations in CF have been shown to contribute
to an accelerated decline in lung function [33].

DEVELOPMENT OF CF DISEASE-MODIFYING
THERAPIES
Disease-modifying strategies can be classified into two main
categories: agents that target the genetic mutation (i.e. gene
therapy) and approaches that address the associated protein
defect, such as CFTR modulators.

Gene therapy
CF gene therapy aims at delivering copies of the coding
sequence of wild-type (i.e. normal) CFTR DNA to target cells.
This can be achieved by using either viral or non-viral delivery
methods [34]. The former uses recombinant viral vectors,
which have their viral DNA removed to act as a vehicle for
delivery of therapeutic DNA to the host cell. The viral vector
binds to the host cell to introduce the coding sequence of wild-
type CFTR, which ideally should be persistently transcribed
into mRNA, or even be integrated into the cell genome. To
date, adenovirus, adeno-associated viruses, negative strand
RNA viruses and lentivirus have been used as viral delivery
systems for CFTR [34].

Non-viral gene therapy involves the delivery of naked DNA or
DNA complexes into the cell by vectors other than viruses.
Non-viral vectors under investigation include cationic lipid
GL67A, DNA nanoparticles (DNA complexed with peptides)
and self-assembling polyethylenimine complexes [9, 35, 36].
DAVIES and ALTON [35] have reported that CFTR gene transfer
can be reproducibly achieved with non-viral vectors. The
authors commented that the overall duration of expression
was relatively short and side-effects were noted with both viral
and non-viral techniques.

Since the 1990s, research into gene therapy has not provided
clear evidence of how these findings might relate to tangible
benefits for clinical practice and currently no gene therapies
have been approved for use [9, 35]. In fact, in recent years
research into gene therapy has become increasingly limited,
largely due to the evidence that gene transfer is more
challenging than originally thought; trials in this area are
expensive to conduct and research to date suggested limited
efficacy of gene transfer vectors [34]. Nevertheless, the UK CF
Gene Therapy Consortium recently embarked on a gene
therapy programme. This research is aimed at assessing if
repeated administration of the non-viral gene transfer agent,
cationic lipid GL67, can improve lung disease in CF [34].

CFTR modulators
The last 10 yrs have seen promising results from research into
the management of CF using small molecules called CFTR
modulators. This research relies on extensive knowledge of
CFTR mutation classes and focuses on targeting certain

mutations with specific molecules [9]. These very specialised
and individualised molecules are a typical example of
personalised medicine in practice, where only those indivi-
duals with a specific mutation can be treated with the target
drug [37]. CFTR modulators can be categorised into three main
classes of agents: potentiators, correctors and premature stop
codon suppressors or read-through agents. They are invariably
identified using high-throughput screening, an automated
approach which allows the rapid screening of thousands of
small molecules. This technique offers a swifter means of
identifying small molecules than the traditional method of
testing each component individually using a cell culture
system [9]. As a result, several candidate molecules are now
undergoing clinical trials, a few of which are discussed below.

Read-through agents
Premature stop mutations, or nonsense mutations, account for
between 5% and 10% of all CFTR mutations, with high regional
variations [3, 38]. Class I CFTR nonsense mutations can be
targeted using premature stop codon suppressors, more
commonly referred to as read-through agents, which ‘‘force’’
read-through of premature stop codons during translation of
the CFTR protein. This results in the production of a full-length
CFTR protein, which may then be trafficked to the cell surface.

Several examples of read-through agents exist. For example,
treating cells in vitro with low doses of an aminoglycoside
antibiotic demonstrated that two CFTR-associated stop muta-
tions could be suppressed [38]. The most commonly investigated
antibiotic, gentamicin, acts by allowing an amino acid to be
incorporated in place of a stop codon so that translation
continues as normal. In one study, the effectiveness of topically
applied nasal gentamicin was evaluated in 24 CF patients. In this
study, 19 CF patients were either homozygous (n511) or
heterozygous (n58) for CFTR stop mutations and a total of five
patients were homozygous for the Class II mutation F508del [39].
Gentamicin was shown to significantly reduce the nasal
potential difference (a measure of CFTR function) in those
patients with stop mutations (from basal potential difference
45¡8 to 34¡11 mV, p50.005), whereas no significant difference
was seen in patients homozygous for F508del [39]. Positive
effects were also demonstrated by SERMET-GAUDELUS et al. [40],
although no effect was noted in another study [41]. While
research into other aminoglycosides is ongoing and techniques
to limit potential toxicities are being investigated [42], current
literature suggests that any clinical benefit is limited by the need
for intravenous or intramuscular administration, as well as its
lack of potency and potential renal toxicity [43].

Ataluren, formerly known as PTC124, is potentially a more
promising read-through agent than gentamicin. Using a stable
cell line, ataluren was shown to be a 4- to 15-fold more potent
read-through agent relative to controls [43]. The agent is
available in an easy-to-use formulation and is currently under-
going clinical trials. Initial clinical studies in healthy adults did
not raise any safety concerns and analysis of subjects’ peripheral
blood mononuclear cells showed no aberrant elongation of
CFTR protein [44]. This could have occurred due to nonspecific
ribosomal read-through of normal stop codons. In a study of
paediatric patients ataluren significantly increased the propor-
tion of nasal epithelial cells expressing full-length CFTR protein
in the apical membrane (overall mean change +17.0%; p,0.01) [45].
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The authors concluded that ataluren can induce functional
CFTR production and is well tolerated. A phase II study in 19
adult patients with CF, having at least one CFTR nonsense
mutation allele and an abnormal nasal total chloride transport,
showed that ataluren three times daily improved total chloride
transport (combined mean change of -5.4 mV, p,0.001), with an
overall on-treatment response rate of 61% (p,0.001). There was
also a nonsignificant trend towards improvement in forced
expiratory volume in 1 s (FEV1) and a 23% reduction in cough
(p50.006) by the end of the study (day 84) [46].

CFTR correctors
CFTR correctors are designed to increase the amount of func-
tional CFTR protein delivered to the cell surface. Correctors have
been used to target Class II mutations such as F508del [47, 48].
One such molecule, VX-809, is currently under clinical investiga-
tion. In vitro studies demonstrated VX-809 as an efficacious and
selective CFTR corrector suitable for advancement into clinical
studies [49]. In a phase IIb study, VX-809 was investigated in
adults who were homozygous for the F508del-CFTR mutation
[50]. Sweat chloride levels in VX-809-treated CF subjects were
reduced in a dose-dependent manner (p50.0013). Overall, the
effect, although modest, was statistically significant. No sig-
nificant differences were seen between control and treatment
arms in measures of lung function (FEV1, forced vital capacity or
forced expiratory flow at 25–75% of forced vital capacity) or in
CFTR-dependent nasal potential difference parameters. The
authors concluded that further data are required to investigate
any impact in the respiratory tract and to determine possible
benefits for clinical practice. In addition to VX-809, various other
CFTR correctors have been identified, some of which are under
further preclinical investigation [11, 51].

CFTR potentiators
CFTR potentiators increase the open probability of CFTR
channels that have gating (Class III) or conductance (Class IV)
mutations [9]. There is additional evidence from in vitro studies
that CFTR potentiators may also enhance the open probability of
CFTR channels with Class II mutations, such as F508del [52].
Nevertheless, in order for F508del potentiation to occur in this
system, the recombinantly expressed channel must already be
located on the cell membrane. Thus, CFTR potentiators alone
could not be used to treat Class I or II mutations, which are
characterised by an absence or lack or synthesised CFTR protein.

Ivacaftor, formerly known as VX-770, is a CFTR potentiator
that specifically targets the Class III mutation, G551D. The
compound was initially identified using high-throughput
screening from a library of 228,000 agents and subsequently
validated using single channel patch-clamp measurements in
Fischer Rat Thyroid cells expressing G551D-CFTR [52]. The
authors reported that 10 mM ivacaftor increased the open
probability of G551D-CFTR channels by <6-fold (p,0.05).
These findings were validated in primary cultures of human
bronchial epithelial (HBE) cells isolated from the bronchi of
G551D-CF patients. HBE primary cell cultures are reported to
accurately represent the native pathological environment of CF
lung disease and can be used to reliably characterise the
pharmacology of CFTR modulators [53]. In HBE cells with the
G551D/F508del and F508del/F508del genotypes, ivacaftor was
shown to potentiate CFTR-mediated chloride secretion, with

the greatest effect seen in G551D/F508del cells (50% of wild-
type CFTR activity) (fig. 3a). Moreover, the ciliary beat
frequency (CBF) increased to levels observed in non-CF HBE
(fig. 3b). This can be explained by an accompanying dose-
dependent increase in the volume of ASL (fig. 3c and d) to
approximately half of that observed in non-CF HBE [52]. ASL
and CBF are markers of lung function that are routinely used
in CF research to help translate in vitro findings in primary
HBE cultures into patient-related outcomes in clinical practice.
Taken together, these preclinical results suggest that ivacaftor
specifically targets and repairs the underlying gating defect
caused by the G551D mutation. Based on this evidence clinical
trials were commenced in CF patients carrying at least one
copy of the G551D-CFTR mutation, the results of which are
discussed in the article by SERMET-GAUDELUS [55] in this issue of
the European Respiratory Review.

ADVANCING CF DRUG DISCOVERY USING SENSITIVE
SURROGATE BIOMARKERS
Recent CFTR modulator clinical development programmes
have demonstrated how in vitro studies using cell culture
systems can provide a sound basis for translation of pre-clinical
investigations into clinical trials. It remains to be seen whether
recent pig and ferret CF models provide a more accurate
prediction of human response to therapeutic intervention and if
this can be correlated with clinical biomarkers [56, 57].

An essential aspect of delivering personalised medicine is the
identification of biomarkers that accurately assess the extent of
disease whilst predicting and measuring response to treat-
ment. In CF, the sweat test and nasal potential difference test
have been widely used to assess CFTR activity in CF clinical
trials. In fact the sweat test, which is used to measure skin
sweat chloride levels, is the established gold standard for
diagnosing CF [58, 59]. Both the sweat test and nasal potential
difference have been effectively used as end-points to measure
therapeutic efficacy in clinical trials of ivacaftor, VX-809, and
ataluren. Nevertheless, test variability and organ-specific
treatment responsiveness remain challenging issues [60].

Intestinal current measurement: a robust biomarker for
therapeutic development
CFTR protein is expressed in the human intestine, with some
reports suggesting that the channel is found at higher levels in
rectal tissue [61]. The degree of CFTR activity in the intestine can
be measured using an electrophysiological test: the intestinal
current measurement (ICM) [62]. Studies have shown that ICM
correlates with CFTR genotype and phenotype [63], and
diagnostic sensitivity in difficult CF diagnosis remarkably
reaches 100% [64], making this tool also a potentially useful CF
biomarker. Notably, defects in CFTR-mediated chloride trans-
port correlated with CF disease severity, suggesting that ICM
accurately reflects the level of CFTR functionality. Moreover,
pancreatic insufficient patients with Class I–III mutations had
absent or minimal chloride secretion; a high amount of residual
function was observed in pancreatic sufficient CF patients with
Class IV–V mutations and normal CFTR function was noted in
heterozygotes and healthy controls [64].

Building on this evidence, the suitability of ICM as a tool for
preclinical assessment of CFTR modulators was recently evalu-
ated using human rectal suction biopsies from CF outpatients [65].
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These investigations strengthened increasing evidence that the
human rectal ICM test is repeatable, reproducible and
responsive to ex vivo treatment with CFTR modulators. As a
useful addition to in vitro studies in HBE cultures, the
technique might be helpful for prediction of CFTR mutation-
specific in vivo drug effects.

As few limitations of this test have been reported thus far, it is
possible that an increasing number of CF centres will rely on
ICM tests in the future. Standardisation for multicentre ICM
use in clinical trials has been recently performed [66].

CONCLUSIONS
CF is characterised by a clear link between the genetics of CFTR
dysfunction and disease pathophysiology. Understanding this
link has led to the development of CFTR modulators that target
specific CFTR genotypes, based on the mechanism of protein
dysfunction. This novel class of agents were first identified
by high-throughput screening before being validated and

optimised using in vitro culture systems. Promising candidates
were subsequently evaluated in clinical trials. One such
modulator, the CFTR potentiator ivacaftor, is a first-in-class
agent to be approved as an oral therapy for CF patients with the
G551D-CFTR mutation and is a pertinent example of persona-
lised medicine. The availability of more sensitive surrogate
biomarkers of CF disease, such as intestinal current measure-
ments, may serve to streamline the development of future CFTR
modulators.
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cultures treated with vehicle control or ivacaftor. The results show a clear ivacaftor-

dependent increase in the depth of airway surface liquid (ASL) relative to control

(personal communication; F. van Goor, Vertex Pharmaceuticals Inc., Cambridge, MA,

USA). Modified from [52]. d) Dose–response curve of the change in ASL volume in

G551D/F508del-HBE after application of ivacaftor at the indicated concentrations

(n53–9). Reproduced from [52].
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