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Cystic fibrosis (CF) is caused by mutations in the cystic fibrosis transmembrane conductance

regulator (CFTR) gene and remains one of the most common life-shortening genetic diseases

affecting the lung and other organs. CFTR functions as a cyclic adenosine monophosphate-

dependent anion channel that transports chloride and bicarbonate across epithelial surfaces,

and disruption of these ion transport processes plays a central role in the pathogenesis of CF.

These findings provided the rationale for pharmacologic modulation of ion transport, either by

targeting mutant CFTR or alternative ion channels that can compensate for CFTR dysfunction,

as a promising therapeutic approach. High-throughput screening has supported the develop-

ment of CFTR modulator compounds. CFTR correctors are designed to improve defective pro-

tein processing, trafficking, and cell surface expression, whereas potentiators increase the

activity of mutant CFTR at the cell surface. The approval of the first potentiator ivacaftor for the

treatment of patients with specific CFTRmutations and, more recently, the corrector lumacaftor

in combination with ivacaftor for patients homozygous for the common F508del mutation, were

major breakthroughs on the path to causal therapies for all patients with CF. The present review

focuses on recent developments and remaining challenges of CFTR-directed therapies, as well

as modulators of other ion channels such as alternative chloride channels and the epithelial

sodium channel as additional targets in CF lung disease. We further discuss how patient-derived

precision medicine models may aid the translation of emerging next-generation ion channel

modulators from the laboratory to the clinic and tailor their use for optimal therapeutic benefits

in individual patients with CF. CHEST 2018; 154(2):383-393
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Cystic fibrosis (CF) is one of the most
widespread, life-shortening genetic diseases
with autosomal recessive inheritance, and
patients have previously been left with
limited therapeutic options.1 In health, the
cystic fibrosis transmembrane conductance
regulator (CFTR) functions as a cyclic
fibrosis; CFTR = cystic fibrosis trans-
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adenosine monophosphate-dependent,
phosphorylation-activated anion channel
that mediates chloride and bicarbonate
transport across the apical cell membrane of
epithelial cells lining the airways (Fig 1A), GI
tract, sweat duct, and other tissues. In
patients with CF, CFTR dysfunction leads to
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Figure 1 – A-D, Role of CFTR in healthy airways and molecular mechanisms causing CFTR dysfunction in cystic fibrosis (CF). A, In healthy airways,
CFTR is expressed at the apical surface of airway epithelial cells together with the ENaC. CFTR plays a central role in cyclic adenosine monophosphate-
mediated anion (chloride and bicarbonate) and fluid secretion, and ENaC is limiting for the absorption of sodium and fluid across the airway
epithelium. Coordinated regulation of CFTR and ENaC enables proper airway surface hydration and effective mucociliary clearance. B-D, In CF,
different mutations in CFTR cause CFTR dysfunction via different molecular mechanisms. B, CFTR nonsense or splicing mutations (class I) abrogate
CFTR production. C, Many missense mutations, including the common F508del mutation, impair proper folding (class II) of CFTR and lead to
retention in the endoplasmic reticulum and degradation by the proteasome. D, Some missense and splicing mutations produce CFTR chloride channels
that reach the cell surface but are not fully functional due to a spectrum of defects such as altered regulation reducing the open probability (class III),
diminished ion conductance (class IV), reduced amount of functional CFTR (class V), or decreased membrane residence time of CFTR at the apical
surface (class VI). A common consequence of CFTR dysfunction and unbalanced ENaC-mediated sodium/fluid absorption is airway surface dehy-
dration and impaired mucociliary clearance setting the stage for airway mucus plugging, chronic infection, and inflammation in patients with CF.
CFTR ¼ cystic fibrosis transmembrane conductance regulator; ENaC ¼ epithelial sodium channel.
dehydration and acidification of mucosal surfaces,
resulting in viscous and sticky mucus that obstructs the
luminal compartments and ducts and thus causes
dysfunction of many affected organs such as the lungs,
the intestine, and the pancreas. In the airways, deficient
CFTR-mediated anion secretion is also associated with
increased epithelial sodium channel (ENaC)-mediated
absorption of sodium and fluid (Fig 1B-D). These CF
ion transport defects result in airway surface
dehydration and impaired mucociliary clearance; this
scenario sets the stage for a progressive muco-
obstructive lung disease characterized by airway mucus
obstruction, persistent bacterial infection, and
inflammation that remain the main cause of morbidity
and mortality in patients with CF.2

Thus far, the main treatments for CF have targeted
symptoms (eg, by providing pancreatic enzyme
replacement therapy for exocrine pancreatic
insufficiency, airway clearance therapies and antibiotics
for the treatment of lung disease). Advances in
comprehensive symptomatic treatment regimens and
multidisciplinary CF care have resulted in substantial
but limited delay in disease progression and increased
survival of patients with CF.3,4 Discovery of the CF-
causing gene in 19895 led to an understanding of how
various CFTR mutations cause various biochemical and
functional aberrations in the CFTR protein, ranging
from complete absence of CFTR from the apical cell
384 Translating Basic Research Into Clinical Practice
surface to defective or reduced anion channel activity
(Fig 1B-D). Consequently, studies on CFTR dysfunction
and CF pathophysiology provided the knowledge base
for the development of pharmacologic compounds that
address these different aberrations in patients with CF.
High-throughput screening led to the recent success in
partial pharmacologic restoration of CFTR activity in
patients.2,6-11 This breakthrough renders CF research
into a pioneer of causal pharmacotherapy of genetic
diseases. More than 2,000 unique CFTR variants have
been identified, with the deletion of a phenylalanine at
position 508 (F508del) being the most common
mutation accounting for approximately 70% of CF
alleles worldwide.

A large spectrum of additional mutations accounts for
the remainder of CF cases; however, most are rare, and
only approximately 20 mutations reach a frequency
$ 0.1%.6,12 Notably, the severity of CF is influenced by
various factors beyond CFTR mutation such as modifier
genes, environment, and lifestyle.13,14 Furthermore,
because different CFTR mutations may be found on the
two alleles of a patient with CF, numerous possibilities
exist for patient-specific CF genotypes. Historically,
CFTR mutations were categorized into different classes
according to their molecular defect that may impair
CFTR anion channel production, processing, function,
or stability15 (Fig 1B-D). CFTR nonsense or splicing
mutations abrogate CFTR production (class I, Fig 1B),
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whereas many missense mutations, such as F508del,
impair CFTR folding (class II, Fig 1C). Mutation classes
III to VI comprise mutations that produce CFTR
chloride channels which reach the cell surface but are
not fully functional due to a spectrum of defects
(Fig 1D); these defects include altered regulation that
reduces the open probability (class III), diminished ion
conductance (class IV), reduced amounts of functional
CFTR (class V), or decreased residence time of CFTR at
the apical membrane (class VI).16 Based on this
classification, it was predicted that mutations within a
given class would exhibit similar responses to a given
CFTR modulator. However, many CFTR mutations
belong not only to one but to multiple mutation classes.
Furthermore, recent observations indicate that the
original classification does not accurately describe
responses of all CFTR mutations to CFTR modulators.
Therefore, the term “CF theratype” has recently been
introduced to describe groups of patients with CF who
may harbor different CFTR mutations but respond to
the same CFTR-directed compounds.6,16 This
theratyping concept predicts that patient cell-derived
models harboring individual CF genotypes in the
patient-specific genetic background may be instrumental
in determining responsiveness of individual patients to
various emerging CFTR modulator drugs to optimize
precision medicine for CF. In addition, modulators of
other ion channels that may compensate for CFTR
dysfunction could provide benefits for patients with CF
independent of their CFTR genotype.
Figure 2 – Ion channel modulation in CF. A-D, Current pharmacologic appro
CF airways. A, CFTR potentiator compounds (green) activate mutant CFTR c
impaired channel gating such as the G551D mutation, or have reduced ion co
transfer of misfolded F508del-CFTR to the apical cell membrane, where it can
for corrector-potentiator combination therapies. C-D, ENaC blockers (yellow
surfaces. This approach improves airway surface hydration even in the absen
CFTR mutants by current CFTR modulator therapies (D). Alternative chlori
constitute additional therapeutic targets to compensate for deficient CFTR-m
expansion of other abbreviations.
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Development of CFTR Modulators
Basic CF research has paved the way for a better
molecular understanding of CFTR mutations by
providing cell-based in vitro assays to measure CFTR
function17,18 and, moreover, structural homology
models,19 molecular dynamics simulations,20 and
biophysical domain studies of CFTR.21 Recent novel
cryo-electron microscopy structures of the
dephosphorylated and phosphorylated channel state
added intriguing insights into the mechanism of channel
opening.22,23 The detailed knowledge of CFTR structure
and function has greatly supported the development and
optimization of small-molecule compounds designed to
restore the activity of mutant CFTR, designated as
CFTR modulators.24,25 The discovery of the first clinical
CFTR modulators was facilitated by functional
high-throughput screening of large compound libraries
in cell lines expressing different CFTR mutations.9-11

Thus far, representatives of two classes of CFTR-directed
compounds have become available for the treatment of
patients with CF.7,8,26,27 CFTR potentiator compounds
increase the activity of mutant CFTR at the cell surface
(Fig 2A), whereas corrector compounds improve
defective protein processing and trafficking to the cell
surface and may be used together with a potentiator to
enhance rescue of CFTR activity (Fig 2B).

CFTR Potentiators

Approximately 5% of CFTR mutations, including the
G551D mutation, do not affect CFTR channel processing
aches to restore CFTR function and improve airway surface hydration in
hloride channels that are expressed at the apical cell membrane and show
nductance such as R117H. B, CFTR corrector compounds (red) facilitate
be further activated by a potentiator compound providing the rationale
) inhibit ENaC-mediated absorption of sodium and fluid from airway
ce of functional CFTR (C) and may augment benefits of partial rescue of
de channels such as transmembrane protein member 16A and SLC26A9
ediated anion secretion in CF (not shown). See Figure 1 legend for
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or trafficking to the apical cell surface; however, they
interfere with opening of the channel gate (Fig 1D). The
G551D gating mutation was the first CFTR mutant that
was successfully targeted with a CFTR potentiator in
patients with CF.7,28 High-throughput screening of small
molecules led to the identification of ivacaftor (VX-770),
which directly enhances G551D channel gating and
restores CFTR activity of G551D-expressing cells.29 The
subsequent clinical development of ivacaftor for patients
with CF and the G551D mutation was a major
breakthrough and important pioneer work supporting
the feasibility of targeted pharmacotherapy of CF and
potentially other genetic diseases.
TABLE 1 ] Ion Channel Modulators Developed for Cystic Fi

Name Clinical Stage Target

Ivacaftor Approved CFTR Pot

Lumacaftor þ ivacaftor Approved CFTR Co

Tezacaftor þ ivacaftor Approved CFTR Co

VX-445 þ tezacaftor þ ivacaftor Phase III CFTR VX

VX-659 þ tezacaftor þ ivacaftor Phase III CFTR VX

VX-152 þ tezacaftor þ ivacaftor Phase II CFTR VX

VX-440 þ tezacaftor þ ivacaftor Phase II CFTR VX

VX-561 (CTP-656) Phase II CFTR Pot
i

QBW251 Phase II CFTR Pot

FDL169 Phase II CFTR Co

GLPG1837 Phase II CFTR Pot

GLPG2222 Phase II CFTR C1

GLPG2451 Phase I CFTR Pot

GLPG2737 Phase I CFTR C2

GLPG3067 Phase I CFTR Pot

GLPG3067 þ GLPG2222 þ
GLPG2737

Phase I CFTR Pot
þ C

PTI-428 Phase II CFTR Am
o

PTI-801 Phase I CFTR Co

PTI-808 Phase I CFTR Pot

QR-010 Phase I CFTR Oli
C

MRT5005 Phase I CFTR De

QBW276 Phase II ENaC Inh

SPX-101 Phase II ENaC Pep
i

AZD5634 Phase I ENaC Inh

BI 443651 Phase I ENaC Inh

Summary of ion channel-targeting therapeutic agents according to their targ
therapeutics from the Cystic Fibrosis Foundation Drug Development Pipeline3

membrane conductance regulator; ENaC ¼ epithelial sodium channel; mRNA ¼
aThe C1 and C2 correctors from Galapagos/AbbVie are complementary.
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In 2012, ivacaftor was approved by the US Food and
Drug Administration and the European Medicines
Agency for the use of CF patients aged $ 6 years
carrying at least one G551D mutation as the first of
numerous CFTR modulators that are currently being
developed (Table 1).30,31 A pivotal Phase III trial
showed that ivacaftor has substantial therapeutic
benefits in people with CF with the G551D mutation.7

These benefits include a marked and sustained drop in
sweat chloride values into the upper range of normal
(approximately 50 mM), improvement of various
clinical outcomes, including an approximately
10% increase in FEV1 % predicted, an approximately
brosis

Mode of Action Company

entiator Vertex Pharmaceuticals

rrector þ potentiator Vertex Pharmaceuticals

rrector þ potentiator Vertex Pharmaceuticals

-445 ¼ new corrector Vertex Pharmaceuticals

-659 ¼ new corrector Vertex Pharmaceuticals

-152 ¼ new corrector Vertex Pharmaceuticals

-440 ¼ new corrector Vertex Pharmaceuticals

entiator (deuterated
vacaftor)

Vertex Pharmaceuticals

entiator Novartis Pharmaceuticals

rrector Flatley Discovery Lab

entiator Galapagos NV/AbbVie

corrector Galapagos NV/AbbVie

entiator Galapagos NV/AbbVie

Corrector Galapagos NV/AbbVie

entiator Galapagos NV/AbbVie

entiator þ C1 corrector
2 correctora

Galapagos NV/AbbVie

plifier that increases amount
f CFTR protein

Proteostasis Therapeutics

rrector Proteostasis Therapeutics

entiator Proteostasis Therapeutics

gonucleotide that repairs
FTR mRNA

ProQR Therapeutics

livers CFTR mRNA Translate Bio

ibits ENaC activity Novartis Pharmaceuticals

tide that induces ENaC
nternalization

Spyryx Biosciences

ibits ENaC activity AstraZeneca

ibits ENaC activity Boehringer Ingelheim

et, mode of action, and stage of clinical testing or approval. Included are
0 and the Galapagos NV Clinical Pipeline.31 CFTR ¼ cystic fibrosis trans-
messenger RNA.
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55% reduction of pulmonary exacerbations, weight gain,
and improvement in self-reported quality of life.7 Long-
term benefits included less frequent detection of
Pseudomonas aeruginosa, slower decline in lung
function, and improved survival.32,33 Furthermore,
observational studies showed that ivacaftor increased
small intestinal pH34 and pancreatic function, and
reduced structural lung disease detected according to
CT scanning, blood inflammation markers, and changes
in the lung microbiome in real-life settings.35,36 In
addition to a reduction in sweat chloride values,7,37

improvement of CFTR activity in G551D patients
treated with ivacaftor was directly confirmed by nasal
potential difference studies28,38 and intestinal current
measurements.39 These functional studies reported
in vivo rescue of CFTR activity to a level of up to
approximately 50% of normal after initiation of
ivacaftor therapy; this finding corresponds well with the
level of functional correction observed in in vitro studies
in ivacaftor-treated human bronchial epithelial cells
from patients with CF and the G551D mutation.29

Based on comparable clinical response, approval of
ivacaftor has been extended to the treatment of patients
with CF and other gating mutations (G178R, S549N,
S549R, G551S, G1244E, S1251N, S1255P, and
G1349D).40 More recently, additional CFTR mutations
with residual function have been added to the approved
target group that now includes a total of 38 different
mutations. Interestingly, the approval of ivacaftor for
the treatment of some of these residual function
mutations was partially based on in vitro data.41

Furthermore, ivacaftor treatment has become available
for children with CF as young as 2 years of age,
providing new opportunities for early targeted
intervention that may delay or even prevent irreversible
damage of the lungs and other affected organs.42 With
these recent expansions, an estimated 15% of people
with CF harboring at least one gating or residual
function mutation may now be treated with ivacaftor
monotherapy. In addition to this tremendous progress
in the clinical arena, various novel CFTR potentiator
compounds are currently in the preclinical to early
clinical pipeline.43-45 These compounds may provide
opportunities for further improvement of functional
rescue in patients with these responsive mutations.

CFTR Correctors

Most patients with CF (approximately 90%) carry the
misprocessing mutation F508del (Fig 1C) on at least one
allele, and approximately 50% of patents are
chestjournal.org
homozygous for this common CFTR mutation. F508del
impairs proper folding, leading to retention of the
mutant protein in the endoplasmic reticulum and
degradation by the proteasome, with little F508del-
CFTR reaching the apical cell membrane. Correction of
this common folding mutation to levels comparable to
functional rescue of the G551D gating mutation with
ivacaftor remains a major challenge.

A promising first-generation corrector, lumacaftor
(VX-809), restored F508del folding and increased CFTR
function in F508del homozygous bronchial epithelial
cells in vitro to approximately 14% of normal CFTR
activity. In F508del homozygous patients, lumacaftor
monotherapy resulted in a dose-dependent drop in
sweat chloride values by a maximum of 8 mM but failed
to improve lung function in a Phase II trial.46 Notably,
F508del not only has a processing defect but also
displays reduced channel gating and cell surface stability
when it reaches the plasma membrane. Lumacaftor was
therefore combined with ivacaftor in subsequent trials in
patients with the F508del mutation.8,47 In preclinical
testing in vitro, acute addition of ivacaftor almost
doubled the functional rescue obtained with lumacaftor
alone in F508del homozygous bronchial epithelial cells
to approximately 25% of normal CFTR activity. The
addition of ivacaftor allowed a critical barrier for clinical
benefit to be overcome. In clinical trials, lumacaftor-
ivacaftor led to a moderate but significant improvement
in lung function (FEV1 % predicted) in the range of
approximately 3 to 4 percentage points and a reduction
in pulmonary exacerbation rates in F508del homozygous
patients8; however, it showed no effects in patients with
only one copy of F508del.48

Based on these results, lumacaftor-ivacaftor was approved
as the first therapy designed to improve CFTR activity in
F508del homozygous patients with CF (Table 1). The
Phase III trials did not assess the effects of lumacaftor-
ivacaftor on biomarkers of CFTR function.8 However,
in vitro studies in primary F508del homozygous bronchial
epithelial cultures found a negative interaction between
ivacaftor and lumacaftor with chronic treatment.49,50

These studies showed that chronic ivacaftor exposure
caused destabilization of rescued F508del protein at the
cell surface and reduced its levels at the plasma
membrane, which may contribute to the modest
improvement in lung function observed with lumacaftor-
ivacaftor combination therapy in clinical trials.8

A recent study measured sweat chloride values and used
nasal potential difference and intestinal current
387
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measurements to assess effects of lumacaftor-ivacaftor
on CFTR activity in patients.51 This study showed that
lumacaftor-ivacaftor therapy improves CFTR function
in F508del homozygous CF patients to levels of
approximately 10% to 20% of normal CFTR activity
(ie, values that correspond to the lower range of residual
CFTR function found in patients with residual function
mutations).51,52 Notably, this level of functional rescue
was also detected in patients who did not exhibit short-
term improvements in lung function (FEV1). Based on
recent results from pediatric trials that reported
improvements in lung clearance index,53 lumacaftor-
ivacaftor has been approved for the treatment of F508del
homozygous children from 6 years of age, and clinical
trials in preschool-aged children are ongoing. Early
intervention studies with long term-follow up will be
critical to determine the impact of partial functional
rescue achieved with lumacaftor-ivacaftor on the onset
and progression of CF multiorgan disease.

Unwanted side effects and drug interactions of
lumacaftor (eg, bronchoconstriction with dyspnea
occurring in some patients at the start of therapy, strong
cytochrome P450 3A induction54 that can reduce
systemic exposure and therapeutic efficacy of drugs that
are substrates of cytochrome P450 3A) led to the
development of tezacaftor (VX-661). Tezacaftor is a
CFTR corrector with improved pharmacokinetic
properties with fewer side effects and drug-drug
interactions. In recent trials, combination therapy with
tezacaftor-ivacaftor was comparable to lumacaftor-
ivacaftor in terms of clinical efficacy outcomes, including
the primary outcome FEV1, and was found to have fewer
side effects (including transient bronchoconstriction) in
F508del homozygous patients.26 In addition, tezacaftor-
ivacaftor was shown to be efficacious in F508del
heterozygous patients carrying a CFTR residual function
mutation on the second allele.27,55 Consequently,
tezacaftor-ivacaftor combination therapy has recently
been approved by the US Food and Drug
Administration for the treatment of patients aged
$ 12 years with two F508del mutations or one CFTR
mutation that results in residual function (Table 1).

New-Generation Combination Treatments
Current strategies to enhance the efficacy of CFTR
modulator therapy in patients with the F508del
mutation focus on the development of amplifier
compounds that increase the amount of CFTR
molecules available as a therapeutic target.56 They also
focus on next-generation correctors that can stabilize
388 Translating Basic Research Into Clinical Practice
other portions of the F508del molecule and thus help to
overcome its multiple folding defects that may be
responsible for the efficacy ceiling observed with current
correctors.24,25,57 Successful treatment with these
therapeutic agents will require overcoming the thermal
instability defect of F508del.58 Several next-generation
correctors are currently being tested in triple-
combination therapies together with tezacaftor and
ivacaftor in preclinical models and early-phase clinical
trials (Table 1). Recent data emerging from these studies
suggest that this triple combination approach can lead to
a substantial improvement in F508del correction
compared with the rescue achieved with tezacaftor-
ivacaftor alone.59 If confirmed in Phase III trials, such
triple-combination therapies may break the efficacy
ceiling of CFTR modulator therapies and substantially
enhance clinical efficacy in F508del homozygous
patients to levels similar to improvements observed for
ivacaftor in patients with gating mutations. In the best-
case scenario, these triple-combination CFTR modulator
therapies may rescue F508del function to a level that is
sufficient to have clinical benefits in F508del
heterozygous patients carrying a CFTR minimal
function mutation on the second allele. If successful,
combination therapies, including next-generation
correctors, may therefore expand the fraction of patients
of CF that can be treated with CFTR modulator
therapies to up to approximately 90% of the total patient
population in the near future.

Patient-Derived Models to Enhance Precision
Medicine for CF
Despite substantial progress in the development of
therapies targeting the root cause of CF, many patients
who have one or two copies of F508del or two
untreatable CFTR mutations still await more effective
drug treatments for their basic CF defect.55 Because
approximately 50% of patients carry two different CFTR
mutations, these individuals will require addressing
more than just one defect with combined treatments.
Thus, personalized combination therapies will be
needed. Furthermore, it is increasingly recognized that
response to CFTR modulator therapy may not only
depend on the CFTR genotype but also on modifiers
contained in the individual’s genetic background.60

Numerous CFTR modulator compounds/combinations
are currently in the preclinical to clinical pipeline
(Table 1); thus, reliable screening tools and personalized
medicine approaches capable of predicting drug efficacy
to support translational research and individualized
[ 1 5 4 # 2 CHES T A UGU S T 2 0 1 8 ]



treatment plans are vital. The utilization of nasal and
bronchial epithelial cultures and rectal tissue specimens
from individual patients with CF for drug testing using
in vitro assays (eg, electrophysiological measurements of
CFTR activity, evaluation of ion and fluid movement in
organoid cultures) enables prediction of patient-specific
responses.61-65 Measuring Cl– transport in planar
bronchial epithelial cultures is a robust, widely used
assay that has been considered the gold standard for
evaluating CFTR-targeting therapeutic agents. However,
obtaining these cells from individual patients with CF by
bronchial brushing is more invasive than obtaining nasal
epithelial cells, which are therefore increasingly used for
in vitro testing of response to CFTR modulators.
Assessment of CFTR function in rectal biopsy specimens
by using intestinal current measurements was recently
shown to detect in vivo response to therapy in G551D
patients treated with ivacaftor and F508del homozygous
patients treated with lumacaftor/ivacaftor combination
therapy.39,51 In addition, a functional fluid-movement
assay using spherical organoid cultures derived from CF
intestinal tissue was developed and has been used
increasingly for in vitro testing of CFTR modulator
effects on specific CFTR mutations.62 Analogous
spheroid cultures can be readily prepared from nasal and
bronchial specimens, but CFTR rescue in these models
has not yet been systematically compared.61

New techniques such as conditional reprogramming of
cells have allowed expansion of the pool of patient-
derived cells available for assessment of therapeutic
responses.66 Moreover, with the help of the recently
advanced induced pluripotent stem cell technology, skin
or blood cells can now be used to create airway cultures
that may be employed in the near future to evaluate
individual pharmacologic responses.67 These patient-
derived model systems provide unique opportunities to
predict drug responses in individual patients with CF
and will likely be instrumental for realizing the full
potential of precision medicine for these patients.
However, the relative importance and precision of these
models in predicting long-term clinical benefits remains
to be determined.

Alternative Targets for Ion Channel
Modulation in CF
Targeting of alternative ion channels that may
compensate for CFTR dysfunction is advantageous in
that this approach might be used to treat all patients
with CF irrespective of their CFTR genotype (Fig 2C). In
addition, pharmacologic modulation of alternative ion
chestjournal.org
channels could augment benefits of CFTR modulator
therapies in patients with CF and modulator-responsive
CFTR mutations (Fig 2D). Promising epithelial ion
channels that may be exploited as alternative targets are
the ENaC and alternative chloride channels such as the
calcium-activated chloride channel transmembrane
protein member 16A (TMEM16A) [anoctamin-1]) and
SLC26A9, a member of the solute carrier 26 (SLCA)
family of anion transporters that upon activation
supports sustained chloride secretion across airway
epithelia.68,69

ENaC Modulators

In CF airways, deficient CFTR-mediated chloride
secretion is associated with enhanced ENaC activity that
results in increased absorption of sodium and fluid, thus
contributing to airway surface dehydration and impaired
mucociliary clearance (Fig 1B-D).70,71 Thus, ENaC
inhibitors have been pursued as therapeutic agents to
counteract this fluid imbalance and improve airway
surface hydration in CF (Fig 2C). The classical ENaC
blocker amiloride failed to improve lung function in
patients, presumably due to its limited potency and
short half-life on airway surfaces.72 Furthermore,
systemic exposure with inhibition of ENaC in the kidney
was associated with a risk of systemic electrolyte
imbalance, including hyperkalemia as an unwanted side
effect. These drawbacks led to the development of
several novel small-molecule long-acting and highly
potent ENaC inhibitors for inhalation therapy to target
increased ENaC activity in CF airways.68 Some of these
novel ENaC blocker compounds (ie, AZD5634,
QBW276, BI 443651) (Table 1) have entered early-phase
clinical testing and showed good safety profiles;
however, demonstration of clinical efficacy of the dosing
regimens tested to date is still pending.

In addition to these compounds that block the channel
pore, several other compounds explore different
mechanisms to reduce ENaC activity in the airways. First,
a SPLUNC1-derived peptide (SPX-101) was shown to
promote ENaC internalization, causing a substantial
decrease in ENaC-mediated sodium absorption across
airway epithelia, and it is currently being evaluated for its
therapeutic benefits in CF.73 Second, because ENaC is
activated by proteolytic cleavage by several channel-
activating proteases that are upregulated in CF airway
infection and inflammation, a novel protease inhibitor
compound (QUB-TL1) was developed to inhibit aberrant
protease/ENaC signaling; it has been shown to improve
airway surface hydration and mucociliary function in CF
389
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airway epithelia in vitro.74 Finally, aerosol delivery of
ENaC-targeting antisense oligonucleotides could offer an
attractive approach to downregulate ENaC expression
and activity in CF airways.75 A key issue for the
translation of these promising preclinical results into
effective therapies will be the successful delivery of these
inhaled ENaC modulators to mucus-obstructed airways
in patients with CF at doses and distributions that enable
efficient inhibition of ENaC activity throughout the
conducting airways.

Alternative Chloride Channel Activators

Alternative calcium-activated chloride channels distinct
from CFTR have long been known to be expressed in
airway epithelia and have thus been the focus as
therapeutic targets to compensate for deficient CFTR-
mediated anion secretion in CF. Denufosol is an inhaled
uridine-5’-triphosphate analogue designed to activate
calcium-activated chloride channels via activation of
P2Y2 receptors and increase in intracellular calcium
levels; it failed to show clinical benefits, probably due to
rapid inactivation by exonucleotidases in inflamed CF
airways.76,77 However, the field has gained new
momentum with the molecular identification of
TMEM16A as the protein responsible for calcium-
activated chloride secretion.68,78 This breakthrough has
enabled functional high-throughput screening assays
that have identified the first promising small-molecule
activators of TMEM16A.79 Illumination of the
mechanism of TMEM16A activation by using cryo-
electron microscopy may further support structure-
based drug development.80 SLC26A9 has been identified
as another epithelial chloride channel that could bypass
CFTR dysfunction in the airways, GI tract, and pancreas
of patients with CF.68,69,81-83 SLC26A9 was found to be a
genetic modifier of CF disease severity,84 and, strikingly,
was shown to affect responses to CFTR modulators in
CF bronchial epithelial cultures.60 Taken together, these
results support TMEM16A and SLC26A9 as promising
alternative targets in addition to CFTR and ENaC.
However, compared with modulators of CFTR and
ENaC, compounds that can activate these alternative
chloride channels directly are still in early preclinical
development; considerable efforts are still required to
transform these putative candidates into therapeutic
agents for CF and potentially other muco-obstructive
lung diseases.

Conclusions and Outlook
The identification of the CFTR gene in 1989 paved the
way for unraveling the structure, processing, and
390 Translating Basic Research Into Clinical Practice
function of CFTR in health, which has consequently
revealed how multiple mutations in this epithelial
anion channel cause CF multiorgan disease. With the
advent of high-throughput screening technologies, this
knowledge base generated by basic CF research
enabled the identification of small-molecule
compounds that act directly on mutant CFTR to
restore its activity in the airways and other affected
organs in patients with CF. The development of
ivacaftor as the first approved CFTR modulator drug
was a major breakthrough and important proof-of-
concept supporting feasibility of causal
pharmacotherapy for this life-shortening genetic
disease at a larger scale. In patients with the G551D
gating mutation, this CFTR potentiator restores
approximately 50% of normal CFTR activity and has
substantial benefits on lung function and other clinical
outcomes.28,29,32-34,39 Based on the more recent
identification of other responsive CFTR mutants, it is
expected that up to 15% of all patients with CF may
benefit substantially from ivacaftor monotherapy.

With the approval of the first CFTR corrector lumacaftor
in combination with ivacaftor for the treatment of
patients homozygous for the F508del mutation, the
scope of CFTR modulator therapy could be extended
substantially to approximately 60% of all individuals
with CF. However, functional rescue of this common
F508del processing mutation remains more challenging.
Lumacaftor-ivacaftor combination therapy restores
approximately 10% to 20% of normal CFTR function
and leads to more moderate short-term improvement in
lung function and other clinical outcomes.8,51

Importantly, recent early-phase clinical trials suggest this
efficacy ceiling may be overcome by using triple-
combination therapies containing a second corrector
compound that is necessary to repair multiple defects in
F508del processing, even in patients who harbor one
F508del allele only.59 If confirmed in Phase III trials,
such triple-combination therapies may not only enhance
efficacy but also expand CFTR modulator therapy in the
near future to approximately 90% of patients with CF.

Importantly, widespread implementation of CF
newborn screening has created a unique opportunity to
exploit benefits of CFTR-directed therapies in infants
and young children, holding promise to delay or even
prevent irreversible structural lung damage. However,
approximately 10% of the CF population may not be
reached by CFTR modulator therapies in the near
future. This group consists of patients with CFTR
mutations that abrogate protein synthesis or who
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produce CFTR mutants that fail to respond to CFTR
modulators. Therapeutic strategies for these individuals
include development of premature stop codon read-
through drugs, antisense oligonucleotides that act at the
mRNA level, or gene therapy approaches, including gene
editing to restore the defective gene, which are all in the
drug development pipeline.85-87 Utilizing gene therapy
to restore CFTR function poses great opportunities but
also major challenges concerning delivery and safety.
Alternatively, this group of patients with CF may benefit
from modulators of alternative chloride channels
(TMEM16A and SLC26A9) and inhibition of ENaC to
circumvent deficient CFTR-mediated anion secretion
and improve airway surface hydration independent of
the CFTR genotype.

The recent development of the first CFTR modulators
has provided an important proof-of-concept that
therapeutic targeting of the basic CF defect with small
molecules is feasible and can have substantial clinical
benefits for patients with CF. With multiple emerging
ion channel modulators with enhanced efficacy and
complementary modes of action in the clinical
development pipeline, it has become realistic that the
majority of patients with CF may benefit from targeted
ion channel modulator therapies in the near future.
Beyond CF, evidence from recent studies suggests that
airway surface dehydration/mucus hyperconcentration
are also key features associated with mucociliary
dysfunction in patients with chronic bronchitis and that
acquired CFTR deficiency caused by tobacco smoke
exposure may be implicated in the pathogenesis of
COPD.2,88-92 Therefore, ion channel modulators
developed for CF may also be beneficial to enhance
airway surface hydration and promote mucus clearance
in other muco-obstructive lung diseases.
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