Jon channel regulators for the treatment of

cystic fibrosis

Cystic fibrosis is a life-shortening hereditary disease caused by mutations in the cystic fibrosis transmembrane
conductance regulator gene. The main clinical manifestations are chronic infections of the airways,
malabsorption due to pancreatic insufficiency, male infertility and salt loss syndromes. The cystic fibrosis
transmembrane conductance regulator protein functions as a chloride channel in the apical cell membrane
and is thought to inhibit the epithelial sodium channel. In the lung, absence or dysfunction of the cystic
fibrosis transmembrane conductance regulator protein leads to dehydration of the airway surface liquid
and disturbed mucociliary clearance. After decades of symptomatic therapy to combat the relentless disease
progression, there is now hope that interference with the apical ion channel functions will bring a major
improvement in the disease course. We discuss the ion channel regulators currently under clinical evaluation
in cystic fibrosis, as well as some of the challenges associated with finding disease-modifying therapies.
In this article we give a brief description of the clinical and epidemiological aspects of the disease cystic
fibrosis. We discuss the pathophysiology of cystic fibrosis, the ion channel regulators under clinical
development as potential disease-modifying therapies and some of the challenges associated with

developing groundbreaking therapies for this orphan disease.
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The disease cystic fibrosis

Cystic fibrosis (CF) is a life-shortening, autoso-
mal, recessive disease. The main clinical mani-
festations are chronic infections of the upper
and lower airways, malabsorption due to pan-
creatic insufficiency, male infertility and salt
loss syndromes [1]. The most important symp-
tom is lung infection since more than 90% of
subjects die from respiratory insufficiency or, in
recent decades, from the complications of lung
transplant. The current median age of death in
patients with CF is only 26-28 years [2]. Great
strides have been made in the prognosis for
patients and instrumental in this have been:

Follow-up in specialized CF centers;

Detailed CF patient registries recognizing the
main clinical problems;

Treatment guidelines based on results of com-
parative effectiveness research, as well as
randomized controlled trials.

Cystic fibrosis occurs everywhere in the world
but the incidence is higher in the Caucasian pop-
ulation [3,101]. CF is classified as a rare disease
since it occurs in less than 1 in 2000 subjects.
Across Europe the incidence varies, even within
one country, for example in France, the incidence
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of CF is as high as of 1 in 2700 in Brittany and
less than 1 in 7700 in the Pyrenees [4].

In several European countries a national
program of screening for CF at birth has been
instituted. Since the lung is normal at birth,
this offers the possibility of optimal follow-up
and treatment. In many countries, patients are
still diagnosed via symptoms. Most patients
are detected during infancy, because of failure
to thrive and repeated chest infections. The
sweat test remains the best diagnostic test [s].
From diagnosis on, a preventive follow-up and
treatment are instituted [6]. This includes:

Optimization of nutritional status
Chest physiotherapy

Use of mucolytic drugs

Bacterial surveillance

Intensive treatment of airway infections

Still, repeated cycles of lung infection occur
and lead to structural lung damage and eventually
respiratory insufficiency [7]. Some patients have a
milder disease phenotype. They present later in
life, they have fewer organ systems involved, they
typically have preservation of pancreatic function
and they have an intermediate sweat test result [s].
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More than 20 years ago, the CF transmem-
brane conductance regulator (CFTR) gene was
discovered on the long arm of chromosome 7.
Worldwide, F508del is the most frequent muta-
tion and is seen in 70% of the CFTR genes
derived from CF patients [9]. In the mean time,
over 1800 different CFTR mutations have
been identified [102]. Some mutations are seen
in 1-2% of CF subjects, but most mutations
are uncommon and each account for less than
1% of the mutant CFTR genes. Of course, for
many mutations, although rare, there are spe-
cific hotspots of occurrence in different parts of
the world [3]. In some individuals with ‘CF-like
disease symptoms’, such as chronic pancreatitis,
idiopathic bronchiectasis or male infertility due
to absence or obstruction of the vas deferens,
one or two CFTR mutations have been detected.
Patients with these partial disease manifestations
are grouped as atypical CF or CFTR-related
disorders [s5,10].

The specific CF genotype mainly determines
the pancreatic phenotype. The lung disease sever-
ity varies greatly even between patients carrying
the same mutations. Indeed, the CF phenotype
is influenced by other genetic characteristics,
called gene modifiers [11] and by environmental
factors, such as exposure to tobacco smoke [12],
age at diagnosis, intensity of treatment.

CF pathophysiology
The CFTR gene codes for the CEFTR protein
that mainly functions as a chloride channel in
the apical cell membrane 13]. CFTR plays an
important role in directing sodium chloride and
water transport across epithelial membranes. In
patients with CF, the airways have near absent
CFTR-mediated chloride secretion and an ele-
vated sodium absorption, attributed to absence
of downregulation of epithelial sodium channel
(ENaC) by CFTR [14]. The nasal potential dif-
ference test indirectly measures these ion fluxes
(15]. In CF, the imbalance in ion secretion leads
to airway surface liquid volume depletion and
impairment of mucociliary clearance. Airway
obstruction and propensity to chronic lung
infection then follow. This theory of airway
liquid dehydration as the starting point of CF
pathophysiology has recently been challenged by
new data in the CF pig model [16). No decrease in
airway surface liquid height was found in new-
born animals. In addition, the authors found no
evidence of ENaC hyperfunction in addition to
the impaired chloride secretion.

Apart from the chloride secretory defect at
the apical membrane, other factors are involved
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in the CF pathology. Defects in innate immu-
nity in the airway have been described and they
are in part related to the altered ion fluxes [17).
In addition, a complex increased inflamma-
tory response has long been described [18]; this
adds to the CF pathology and may be a distinct
therapeutic target.

At present, most CF therapies target the end
of the pathophysiologic cascade by treating
the lung infection and decreasing the airway
obstruction. The improved knowledge of the CF
pathophysiology has started an intensive trans-
lational research program to detect novel treat-
ment options. Therapies that improve the ion
transport dysregulation indeed have the poten-
tial to more dramatically improve the disease
course, since they interfere very upstream in the
pathophysiologic cascade. There are several pos-
sible strategies. Some of these are CFTR muta-
tion specific, such as restoration of the CFTR
chloride secretory function by CFTR correctors,
CFTR potentiators or suppressors of nonsense
mutations. Other strategies can be applied to
patients irrespective of their specific CF7TR muta-
tions, such as restoration of the CFTR protein by
gene therapy, stimulating chloride secretion via
alternative chloride channels, decreasing sodium
absorption via inhibition of ENaC, or attract-
ing water to the dehydrated mucosal surface by
inhaling drugs such as mannitol or hypertonic
saline. The latter two drugs and gene therapy
cannot be considered as ion channel regulators
and will not be discussed further.

CFTR mutation classes
Normal CFTR gene transcription is initiated at
the promoter region. The mRNA transcript is
translated from the start codon up to the termi-
nation codon by ribosomes on the endoplasmic
reticulum (ER) to ‘band A" CFTR protein. Here
it is also folded in its correct tertiary structure
and undergoes early glycosylation, to ‘band B’
CFTR. It then attains its full glycosylation in
the Golgi apparatus to ‘band C’ CFTR. These
band-type proteins are detected by protein elec-
trophoresis and near absence of band C is typical
for CF cell lines. The CFTR protein is finally
incorporated in the apical membrane of the epi-
thelial cell. When activated by phosphorylation
and ATP binding and hydrolysis, the protein
undergoes a conformational change, thereby
allowing chloride transport. Rapid cycles of
opening and closing (gating) characterize a
normal ‘wild-type’ CFTR protein [19].

The total CFTR chloride flux at the mucosal
cell surface is best described by the product of
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the number of CFTR channels present at the
cell surface, the channel open probability (gat-
ing) and the individual channel current (depen-
dent on the channel’s conductance). Individual
CFTR mutations are therefore classified in five
groups according to which of these characteris-
tics is primarily disturbed (Taste 1) [20]. In class 1
we group mutations that result in no functional
CFTR protein being synthesized. These include
nonsense mutations, frame-shift mutations,
large deletions or insertions, as well as several
splice-site mutations. Of special interest are
nonsense mutations, such as premature termi-
nation codons that account for approximately
9% of the CF alleles worldwide, but in Israel
this is as high as 50% [21]. Class 2 groups the
mutations that lead to misfolded CFTR pro-
teins that are targeted for degradation in the
proteasome, so that hardly any, or no, mature
CFTR protein is found in the apical cell mem-
brane. The mutation F508del is the typical
example of a class 2 mutations. In many coun-
tries more than 90% of subjects with CF carry
F508del on at least one CF allele [22,101]. Class 3
groups the mutations with abnormal gating
properties so that no CFTR function occurs.
The G551D mutation seen in approximately
3% of patients worldwide belongs to class 3
(23,101). CFTR mutations leading to defective
chloride conductance are grouped into class 4.
Class 5 mutations result in a decreased amount
of otherwise normal CFTR. It contains mutant
splice site mutations that are only partially
affected (e.g., 3849 + 10 Kb C—T) or mutant
CFTR that still matures to some extent (e.g.,
A455E). Class 4 and 5 mutations are rare apart
from R117H, which is detected in up to 10% of
asymptomatic subjects after newborn screening
(24]. Patients carrying two CFTR mutations of
class 1-3 (either in homozygosity or compound

CFTR Main defect
mutation class

Ion channel regulators for the treatment of cystic fibrosis

heterozygosity) nearly always have pancreatic
insufficiency and as a group have more severe
lung disease compared with a group of subjects
carrying at least one class 4 or 5 mutation.

Nonsense mutation read-through aims at
selectively inducing ribosomal read-through
of mRNA at the site of a premature nonsense
mutation. CFTR potentiators aim at improv-
ing CFTR channel gating and are thus the
solution for subjects with CF and at least one
class 3 mutation. CFTR correctors aim at res-
cuing the mutant CFTR protein from degrada-
tion and allowing it to be expressed at the cell
membrane. However, these mutant proteins may
still have abnormal gating properties. Since cor-
rect CFTR trafficking involves many steps, it
is anticipated that correcting abnormal CFTR
trafficking is more difficult than correcting
abnormal CFTR gating by CFTR potentia-
tors [25]. The assignment of CFTR mutations
to one individual class is artificial, since many
mutations have characteristics of more than one
mutation class. Combining therapeutic strate-
gies may thus yield more effect than improv-
ing individual components. Similarly, many
investigational drugs have more than one drug
target and therefore, reducing them to one drug
category is an oversimplification.

CFTR correctors & potentiators

under investigation

Strategies aimed at correcting the defect in
class 2 mutations are extremely important,
since they are responsible for the majority of
CF disease around the world. Increased CFTR
degradation results from mutations leading to
protein instability or protein misfolding [26].
The search for small molecules that correct the
folding defect was already suggested by Thomas
in 1993 and can be helped by structure-based

CFTR mutations with Possible therapy

1

Severely defective protein
synthesis

mainly this dysfunction
Nonsense mutations (e.g.,
G542X, W1282X, E60X)
Large deletions/insertions
Frameshift mutations

2 Defective trafficking F508del, N1303K, G85E,
R560T
3 Defective gating G551D
S1251N
4 Defective conductance R117H
Decreased protein synthesis  A455E

CFTR: CF transmembrane conductance regulator.

future science group

3849 + 10 Kb C>T

www.futuremedicine.com

Nonsense read-
through

CFTR correctors

CFTR potentiator

663



664

De Boeck & Cuppens

in vitro virtual screening [26,27]. VRT-325 has
been shown to enhance folding of mutant
F508del-CFTR in human embryonic kidney
cells (HEK 293) [28]. Decreasing histone deacet-
ylase activity to interfere with transcriptional
and post-translational regulation of synthesis,
folding and trafficking of F508del-CFTR pro-
tein is another strategy under evaluation in cell-
based assays [29]. Decreasing misfolded protein
degradation is, however, the most researched
option and has reached the clinical phase of
development. Since correct CFTR trafficking
is a multistep process, correctors are classified
into three groups:

Nonspecific chemical chaperones;

Molecules that influence the concentration of
or the interaction with, natural chaperones;

Protein-specific pharmacological chaperones [30].

Since chemical chaperones are nonspecific,
they require a high concentration and have
limited potential for clinical use. Most phar-
macological chaperones are small molecules
discovered through high-throughput screening.

VX-809 is a pharmacochaperone that par-
tially restores the defective cellular process-
ing and trafficking of F508del-CFTR so that
increased amounts appear at the cell mem-
brane. In in vitro cultures, VX-809 could res-
cue F508del-CFTR 31]. In F508del homozygous
adult CF patients (n = 89), the safety and toler-
ability of VX-809 was documented in a 28-day
trial. There was a modest effect on sweat chlo-
ride in patients treated with the high drug dose:
the mean drop in sweat chloride was 6 mmol/l
in patients taking 100 mg a day, and 8 mmol/l
in patients taking 200 mg a day [32]. From the
modest effect of VX-809 seen in patients so far,
either better correctors should be developed,
or the combined efficacy of a corrector with a
potentiator compound should be evaluated. The
tolerability and safety of combining the corrector
VX-809 plus the potentiator VX-770 in increas-
ing doses is currently being explored in F508del
homozygous subjects.

Other compounds aimed at correcting post-
translational modification are under investi-
gation. Among those having reached clinical
development is miglustat, the a-1-2 glucosidase
inhibitor, that is already used in Gaucher’s dis-
ease [33]. In vitro studies have shown that even
low concentrations of this compound decrease
calnexin complexes, restore chloride secretion
in nasal cell lines and lead to CFTR expres-
sion in intestinal crypts in F508del mice [34).
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Miglustat is thus an example of the second type
of correctors, a molecule that interacts with the
ER chaperone calnexin. A pilot trial in patients
with CF is reported in [103], but the results are
not available.

Class 3 ‘gating’ mutations are rare. The most
common class 3 mutation G551D occurs in
only approximately 3% of CF patients world-
wide. Several other mutations with abnormal
gating have been identified (35]. The relative
frequency of all these mutations combined
has not been assessed yet. Excellent results
have been obtained in patients with CF car-
rying the G551D mutation during treatment
with the CFTR channel potentiator VX-770.
A robust improvement in sweat chloride and
nasal CFTR chloride secretion was seen in
a Phase II trial, during which patients were
exposed to increasing drug doses for 14 days.
An additional group of patients was exposed
to 150, 250 mg or placebo during 28 days.
The improvement in sweat chloride seen was
remarkable: several patients normalized their
sweat chloride throughout the treatment
duration. In the 28-day treatment period,
an improvement in forced expiratory volume
(FEV,) in 1's was seen [36]. The recently per-
formed Phase III trial in patients 12 years and
older has equally impressive results: a mean
improvement of 10.6% predicted in FEV in a
study population with a mean baseline FEV of
63.5% predicted, a mean weight gain of 3.1 kg,
a decrease of sweat chloride concentration from
a mean of 100 mmol/l to below 60 mmol/l,
and a 55% decrease in likelihood of experienc-
ing a pulmonary exacerbation. The intermedi-
ate results of the VX-770 trial in 52 children
6-11 years of age demonstrate the same impres-
sive efficacy: a mean improvement in FEV, of
12.7% predicted or 17.4% improvement from
baseline, double the weight gain compared
with the placebo group and a drop in sweat
chloride from a mean of 104 to 60 mmol/l [104].

Other small molecules with potential CFTR
corrector and/or potentiator activity are under
evaluation, such as VX-661, which is expected to
start the first phase of clinical evaluation in late
2011. Sildenafil showed some efficacy in a mouse
model (37]. The high doses required for correction
of F508del-CFTR make it an unlikely candidate
for clinical use. However, a clinical evaluation of
10-week duration in adult patients with CF was
announced on the clinicaltrials.gov website [103].
Other chaperones that showed promise but failed
in subsequent evaluations are curcumin [38] and
phenylbutyrate [39]. The compound genistein

future science group



has many actions, including CFTR potentiator
activity, but not to levels of wild-type CFTR [40].
Pilot clinical trials with curcumin, phenylbutyr-
ate and genistein in combination are reported as
completed on the clinicaltrials.gov website [103],
but the results have not been published in the
scientific literature. High throughput screening
of large and diverse chemical libraries for direct
activators or stimulators of CFTR has identified
different potent compounds — mainly other fla-
vonoids, benzoquinolizinium compounds and
phenylglycines — which may in the future reach
clinical development. Finally, effort has increased
in the search for naturally derived compounds,
with the idea to bypass time and cost-intensive
validation procedures. For example, vitamin C
is under investigation [41].

Suppression of premature

nonsense mutations

At the end of a transcript, a termination codon
signals the end of protein translation. However,
as a result of a mutation, termination codons
can also be positioned within the normal gene
sequence. These nonsense mutations then cause
premature cessation of translation. Small mol-
ecules such as aminoglycosides are known to
read through premature nonsense mutations by
incorporating a random amino acid at the site
of the nonsense codon. In this way translation
continues to the end of the gene sequence, so that
a full length protein is made. Aminoglycosides
are potentially nephrotoxic but were important
as proof of concept. Ataluren, formerly named
PTC124, resulted from the search for small
molecules with similar action.

After successful Phase I and II programs, atal-
uren is now being evaluated in a large, worldwide
Phase III study. In adult CF patients carrying
at least one nonsense mutation and having an
FEV, above 40% predicted, open-label admin-
istration of ataluren over 14 days was associated
with a significant improvement in CFTR chlo-
ride transport measured in the nasal epithelium
(21]. The same improvement in chloride transport
was documented in children with CF carrying
at least one nonsense codon mutation and the
effect was seen with a low dose, as well as with
a high dose of ataluren [42]. A subset of Israeli
patients (n = 19) took ataluren for a period of
12 weeks. This chronic intake was well toler-
ated. It was associated with a sustained improve-
ment in nasal chloride secretion and a trend
towards improvement in lung function [43).
Soon it will be clear whether ataluren provides
a significant clinical benefit. The results of the
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currently running Phase III study are awaited in
early 2012: more than 200 patients carrying at
least one nonsense mutation are included in this
double-blind evaluation of ataluren, an oral drug
taken three-times a day. The study duration is
48 weeks, followed by an open-label extension
of 48 weeks. The primary outcome is FEV  mea-
sured at week 48. Multiple secondary outcomes
are being evaluated, such as the occurrence of
pulmonary exacerbations, cough frequency
measured by Respimat®, chest computed tomo-
graphy score and quality of life. In addition to
close monitoring of safety, exploratory biomark-
ers are also measured, such as chloride secretion
in the nose, in the sweat gland and parameters
of inflammation in the blood [103].

Activators of alternative

chloride channels

Other chloride channels than CFTR are known
to contribute to mucosal chloride fluxes. The
Ca?*-activated chloride channel was discovered
by serendipity, around the time the CFTR gene
was identified. In subjects with CF, superfusion
of the nasal mucosa with extracellular nucleo-
tides resulted in nasal chloride secretion [44].
When it later became apparent that CFTR
protein is absent on the nasal mucosa of sub-
jects with CF, the search for these alternative
chloride channels and their therapeutic poten-
tial was launched. Classic purinergic stimula-
tors, such as ATP provoke bronchosconstric-
tion and have a short half-life; they are thus
not ideal drug candidates [44]. Denufosol was
shown to stimulate alternative chloride secre-
tion. In the first Phase III trial in subjects with
mild lung disease, the drug was shown to have
a small but sustained positive effect on lung
function [45]. Unfortunately, these results were
not reproduced in the second Phase III study
with denufosol [105]. It is unclear whether this
is as result of incomplete understanding of the
contribution of alternative chloride channel
function to overall mucosal chloride transport
in CF, to insufficient potency of the drug, or
to trial design failure. The latter is indeed not
impossible, since showing clinical improvement
in a cohort of CF subjects with mild disease is
a major challenge.

Duramycin or Molil901, a polycyclic pep-
tide with antibiotic properties, was thought to
stimulate chloride secretion via the Ca?* acti-
vated chloride channel. However, in human
bronchial epithelial cell cultures Molil901 did
not function as a specific stimulator of alterna-
tive chloride channels [46]. Aspecific membrane
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changes, induced by different concentrations of
Molil901, seemed to explain the drug’s variable
effect on epithelial chloride secretion.

In 2008, the TMEMI16A protein was found
to be the alternative Ca?*-activated chlo-
ride channel [4748]. Further knowledge of its
expression and function will elucidate whether
the strategy of stimulating alternative chloride
channels in patients with CF has therapeutic
potential. And if so, at what level of disease
severity: as a preventative strategy in subjects
with mild lung disease, or as aid in rescue in
subjects with advanced disease.

In the human airway, still other chloride
channels, such as the CIC-2, a member of the
pH- and voltage-activated chloride channels, are
expressed [49]. Lubiprostone, one of several novel
prostones, prostaglandin E-derived molecules
that target the CIC-2 channels, is approved by
the US FDA for the treatment of idiopathic con-
stipation [50]. The drug might have promise in
CF, since CIC-2 is overexpressed in immortal-
ized CF cell lines [51] and application of lubipro-
stone in the CF murine nasal airway, improves
chloride secretion [52].

Modulation of ENaC

Even if ENaC is not primarily involved in the
CF pathophysiology, manipulation of ENaC
function may have therapeutic potential [s3].
Together with CFTR, ENaC is a major player
in epithelial ion fluxes. Therefore, decreasing
sodium absorption has the theoretical poten-
tial of increasing airway hydration. The disease
pseudohypoaldosteronism may even be seen as
an important ‘proof-of-concept’. In this dis-
ease, loss of ENaC function leads to increased
airway fluid secretion and is associated with
recurrent airway infection and airway obstruc-
tion [54]. In addition, several data link ENaC
overexpression to CF-like lung disease such as
in the B-ENaC-subunit overexpressing mouse
model [55]. Also, further data in humans point
towards a role for ENaC, since ENaC mutations
have been identified in subjects with CF-like
disease [56,57].

A first clinical trial in CF using the ENaC
blocker amiloride did not show a therapeu-
tic benefit [s8]. The explanation may be that
amiloride has a short-lived action. The data in
ENaC CF mice [55] stimulated renewed interest
in exploring this therapeutic venue, especially
since a long acting ENaC blocker has been
identified [59]. Another route being explored,
is blocking ENaC function by epithelial

transfection with antisense oligonucleotides [60].
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Challenges in developing
disease-modifying therapies

Although patients with CF die from respira-
tory disease, CF is a multisystem disorder.
Therefore, to correct CF, systemic therapy has
more promise than inhaled therapies only tar-
geting the airways. The reverse side of the coin
will be increased risk of toxicity. For corrector
compounds, the question is whether there will be
long-term safety and specificity issues through
interference with the ER quality control mech-
anism. Also for premature nonsense mutation
read-through, this same issue of specificity and
lack of long-term toxicity is crucial.

What should be expected from
disease-modifying therapies?
The dysfunction associated with F508del-CFTR
is complex; there are redundant ubiquitination
pathways in the ER, the mutant protein if res-
cued has decreased membrane stability and there
is increased peripheral lysosomal degradation [61].
Therefore, interfering with one degradation sys-
tem might thus be insufficient. Interfering with
the proteasome function rather than the ER traf-
ficking has therefore been suggested [62]. There is
also ongoing discussion whether, to have a true
impact on the CF disease course, it is sufficient
to improve chloride secretion or whether other
basic cell defects, such as the inherent proin-
flammatory state linked to the abnormal protein
trafficking, should be corrected as well [62].

The strategy of activating alternative chlo-
ride channels or suppressing ENaC function
has the theoretical advantage of applicability in
all subjects with CF. CFTR correctors, CFTR
potentiators and suppressors of premature non-
sense mutations are indeed prime examples of
individualized therapy. Although all of these
compounds are under study in subjects with CF,
each compound is only indicated in a subset
of patients carrying specific CFTR mutations.
The fact that many subjects carry two different
CFTR mutations often belonging to different
mutation classes adds an extra layer of com-
plexity. A patient who is double heterozygote
for a nonsense mutation and mutation F508del
is, at least in theory, a candidate for combina-
tion therapy with all three drug classes. Unless
treatment of one mutation leads to sufficient
correction of CFTR activity, the safety and
tolerability, as well as the added or synergis-
tic efficacy of combination therapy should be
evaluated. Compounds with dual corrector and
potentiator activity (called CoPo) belonging to
the cyanoquinolone class have been detected
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(63]. If sufficiently effective, CoPo compounds
might simplify this issue. With more than 1800
CFTR mutations described, gaining insight in
the relative potency of correctors, potentia-
tors and CoPo compounds on different CFTR
mutations in the same mutation class is needed.

The current slow rate of lung disease pro-
gression of only 1-2% FEV | per year docu-
ments the relative success of intensive patient
management, but is a drawback for proving
clinical benefit in Phase III clinical trials [64].
Large patient numbers are needed when these
outcomes are used [64]. For mutation-specific
therapies these patient numbers are often not
available. Hence, the substitution of FEV, and
markers of clinical benefit (pulmonary exacer-
bations, quality of life) as outcome parameter
by biomarkers of CFTR function (i.e., sweat
chloride, nasal potential difference measure-
ment) should be considered. Safety and efficacy
can be followed up during Phase IV pharmaco-
vigilance studies. This possible strategy is also

The disease cystic fibrosis

Cystic fibrosis (CF) is a life-shortening multisystem disease occurring all over the world, but the incidence is higher in the

Caucasian population.

Each patient with CF has two CF-causing mutations, one on each CF transmembrane conductance regulator (CFTR) gene.

A minority of subjects with two CFTR mutations

Ion channel regulators for the treatment of cystic fibrosis

discussed in the EMA guideline for clinical
trials in small populations [106].

In addition, targeting the right patient cohort
for disease-modifying therapies is critical: it is
not certain that patients with advanced disease
and widespread bronchiectasis will benefit suf-
ficiently. In a B-ENaC overexpressing mouse
model, the sodium channel blocker amiloride
slowed development of lung disease when
administered in newborn mice, but not when
administered to mice with established lung dis-
ease [65]. In that respect the first results from
VX-770 surprisingly showed approximately
equal benefit in patients with mild versus
advanced CF lung disease [66].

Lastly, factors other than the specific muta-
tion determine the CF disease severity [11.12].
It is likely that genetic differences between
subjects in drug handling or differences in
intermediate cell processes, such as nonsense
mediated mRNA decay will influence drug
efficacy [21].

have milder, partial or even no disease.

In patients with CF, respiratory insufficiency is the main cause of death.

CF pathophysiology

Cystic fibrosis is an ion channel disease, caused by absence or dysfunction of the apical CFTR chloride channel.
At present it is less clear if loss of CFTR function also causes increased function of epithelial sodium channel (ENaC).
In the CF lung, decreased airway liquid and impaired mucociliary clearance lead to chronic infection.
The current CF treatments decrease disease progression but do not address the basic pathophysiology.
CF treatments under development include ion channel regulators: to correct CFTR function, to stimulate alternative chloride channels or
to decrease ENaC function.
CFTR mutation classes
CFTR mutations are grouped according to how mutations disrupt the translation from gene to protein.
Many CFTR mutations have characteristics of more than one mutation class.
CFTR correctors & potentiators under investigation
CFTR correctors promote normal trafficking of mutant CFTR.
CFTR potentiators increase channel opening.
The potent CFTR potentiator VX-770 is of proven clinical benefit for subjects with CF carrying at least one G551D mutation.
Correcting abnormal CFTR trafficking has proven more difficult than correcting abnormal CFTR gating by CFTR potentiators.
Suppression of premature nonsense mutations
Suppressors of nonsense mutations over-read premature nonsense mutations.
Ataluren improved nasal chloride secretion in Phase Il clinical trials and is at present being evaluated for clinical efficacy in a Phase Il trial.
The long known Ca?*-activated alternative chloride channel has been identified as the TMEM16A protein.
Activators of alternative chloride channels
Denufosol is an activator of the alternative chloride channel but failed to consistently demonstrate a clinical benefit during Phase Ill
clinical trials.
CIC-2 chloride channels are also being explored as a therapeutic target.
Modulation of ENaC
Together with CFTR, ENaC is the major determinant of epithelial ion fluxes.
Blocking sodium absorption via ENaC should theoretically improve CF airway hydration.
An effective and safe long-acting ENaC blocker has not yet been developed.
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Conclusion

Cystic fibrosis is a disease marked by impaired
epithelial chloride secretion through the CFTR
channel. Traditionally it is also thought to be
associated with increased sodium absortion
via ENaC. The latter is, at present, somewhat
debated. The primary therapeutic goal is res-
toration of CFTR chloride secretion. Much is
known about how specific CF7R mutations dis-
rupt the normal transition from gene to CFTR
protein. Therefore, CFTR mutation class spe-
cific therapies are being developed as a new form
of individualized treatment aimed at correct-
ing the chloride transport defect. As expected,
correcting abnormal CFTR trafficking proves
harder than activating CFTR present at the cell
membrane. The CFTR potentiator VX-770 has
proven efficacy for the class 3 mutation G551D.
Combined treatment with CFTR correctors and
potentiators, and treatment with suppressors of
nonsense mutations are under evaluation for
patients with other CFTR mutations. Given the
successes obtained so far, many high-through-
put screening programs aim at finding new,
additional or better potentiators and correctors
for defective CFTR [67,68].

If the CFTR chloride transport cannot be
restored, alternative strategies consist of stim-
ulation of chloride secretion via alternative
chloride channels or blocking ENaC function.
Apart from denufosol, a drug that failed to
show consistent clinical efficacy during the last
phase of its clinical development, these alterna-
tive approaches are only slowly progressing to
the clinical phase of development.

Future perspective

In the next 5-10 years, it will become clear
whether activating CFTR at the cell membrane is
sufficient to greatly improve the course of CF lung
disease and whether other disease manifestations
are affected, such as progression to CF-related
diabetes. It will become evident whether gene
therapy for CF is successful. If not, now that a
potent CFTR potentiator has been identified, the
search for small molecules that function as CFTR
correctors will intensify even further. Improved
knowledge of the basic physiology of the alterna-
tive chloride channel TMEMI16A is needed to
estimate whether or not development of stimula-
tors of alternative chloride channels have potential
in CF therapy. The importance of ENaC in early
and late stage CF lung disease will be clarified.
Even if ENaC dysfunction is not primary in CF,
development of potent, long-acting ENaC block-
ers should be a valid treatment option to improve
airway hydration in CF.
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