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COMMENTARY
Cystic fibrosis (CF) is caused by defective or deficient cystic fibrosis transmembrane
conductance regulator (CFTR) protein, which functions as an anion channel, predominantly
in epithelial cell membranes. Since the CFTR gene was discovered in 1989,1 over 2000
different CFTR mutations have been reported, although not all of them have functional
consequences.2 Different classes of CFTR mutation have been described that result in
inadequate CFTR protein production, deficient CFTR function at the epithelial cell
membrane, or a combination of these abnormalities (see Fig 1). Deficient function may arise
from reduced open probability of the CFTR channel (gating), abnormal conductance of the
channel, or both. The prevalence of CFTR mutations differs among populations, but the most
common CFTR mutation is the Phe508del (F508del) mutation, with around 45% of patients
homozygous for this class II mutation worldwide.3
The advent of CFTR modulator therapy in the last decade has revolutionized the approach
to CF treatment by targeting the underlying CFTR defect. The rapidity with which these novel
agents have progressed from preclinical trials to clinical use and the expanding research
into more potent drugs targeting a broader range of mutation classes are at once exciting
and challenging.
The first CFTR modulator approved for clinical use was ivacaftor; a CFTR potentiator that
increases the open probability (gating) of the CFTR channel and targets class III CFTR
gating mutations. The most common gating mutation is the G511D (Gly551Asp) mutation,
accounting for approximately 4% of CFTR alleles and associated with adequate CFTR
protein production but no CFTR function. Two landmark phase 3 trials of ivacaftor in patients
carrying at least one copy of the G511D (Gly551Asp) mutation4,5 demonstrated
improvements in lung function and nutritional status and reported a marked reduction in
sweat chloride measurement, confirming restoration of CFTR function. These clinical
benefits persisted in a twoyear open label extension study.6 In 2012 the United States Food
and Drug Administration (FDA) approved the use of ivacaftor for patients aged 6 years and
older with CF who carry at least one G511D (Gly551Asp) mutation. Since then, approved
ivacaftor use has extended to eight other (nonG511D) gating mutations (July 2014);7 to
patients carrying the residual function R117H (Arg117His) mutation (December 2014);8 and
in March 2015, the FDA reduced the age of access for these patients to age 2 years and
older.
Correcting the CFTR abnormalities associated with the Phe508del class II CFTR mutation is
a much greater challenge. Therapies targeting the Phe508del mutation must modulate both
the CFTR processing defect and the gating defect. In vitro studies of the Phe508del CFTR
corrector, lumacaftor, showed increased CFTR9 production, and in combination with
ivacaftor10 , greater chloride transport than with either drug alone.9 As monotherapy with
each of these agents was not found to have clinical benefit11,12 , combination therapy with
lumacaftor and ivacaftor was studied in two large phase 3 trials of patients homozygous for
Phe508delCFTR. Relatively modest improvements in lung function, nutrition, and
pulmonary exacerbations13 were observed. While less impressive than for ivacaftor, the
findings are arguably no less clinically significant when the size of the target population is
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considered with the potential positive implications for longterm morbidity. Combination
therapy with lumacaftor and ivacaftor was approved by FDA in July 2015 for patients aged
12 years and older homozygous for Phe508delCFTR.
There has been less success to date with CFTR modulator therapies for class I CFTR
mutations, and the phase 3 trial of ataluren in patients with CF carrying a class I mutation did
not result in clear clinical benefit.14
An important challenge for clinicians is how to optimize the use of CFTR modulators in their
patients. Considerations include selecting patients on the basis of genotype, ability to
adhere to therapy, and severity of disease. Despite the promise of benefit with ivacaftor,
adherence may not be much better than is seen for other CF therapies.15 In addition,
patients who feel healthier taking CFTR modulators may reduce adherence to other daily
therapies, thereby risking health maintenance. Clinical decisions surrounding initiation of
treatment in patients with mild or severe lung disease are difficult on the basis of current
evidence. Indications for treatment may extend beyond improvement in lung function and
nutrition as more evidence emerges regarding additional effects of CFTR modulators in CF,
such as mucociliary clearance, airway microbiology16 , and glucose homeostasis.17
Maintaining optimal outcomes with CFTR modulator therapies as they become available will
require careful assessment of patient CF genotype; the potential for clinical benefit in
conjunction with education and support to ensure adherence; and monitoring for adverse
events and drug interactions. The ultimate goal of disease prevention has already driven
clinicians to start therapies earlier in life and in milder disease. While the potential benefit of
this approach is clear, it raises the importance of long term monitoring of therapies
introduced in infancy and potentially continuing across the life span.
A major challenge for the future of CFTR modulation is to develop therapies that are effective
in all patients; that is, that are not mutation class specific. As novel agents move from
preclinical studies to clinical trials18 , there is an obligation to broaden the therapeutic
repertoire to target the full range of basic defects caused by the different CFTR mutation
classes and ensure equitable access to all patients.
Clinical trials provide evidence for the efficacy of new drugs, yet many patient groups are not
included. Trials are more challenging in young children, in sicker patients, and in those with
rarer CFTR mutations where patient numbers may be too small to power conventional
clinical trials. New approaches will be needed to ensure equitable access to new therapies
for all patients with CF. As more patients start to use CFTR modulator therapy, the pool of
patients naïve to CFTR modulator therapy declines, making placebo controlled trials less
possible.
Alternatives to the typical randomized controlled design will be needed in future clinical
trials, including protocols that accommodate small samples using more sensitive outcome
measures of effect and employing design approaches that can obtain sufficient meaningful
data to enable extension of the findings to larger populations. Comparative effectiveness
studies will likely be used, and patients, health care providers, researchers, and
pharmaceutical companies will need to work together closely to realize the potential for
these new medicines for people with CF.
Fig 1. CFTR mutational classes and molecular consequences.

Class I mutations result in
unstable truncated RNA and
no synthesis of the CFTR
protein.

Class II mutations cause
CFTR processing defects
owing to misfolding of CFTR
and degradation by the
proteasome.

Class III mutations cause
reduced CFTR channel
opening owing to defective
channel gating or
regulation.

Class IV mutations cause
reduced chloride
conductance owing to
defects within the CFTR
channel.

Class V mutations lead to
reduced synthesis of CFTR
owing to splicing defects.

Class VI mutations result in
reduced CFTR stability at
the cell surface and hence
increased CFTR turnover.

Reproduced with permission from Quon BS,Rowe SM. New and emerging targeted
therapies for cystic fibrosis. (Fig 3). BMJ. 2016 Mar 30;352:i859.
The size of the inner dark circle of the CFTR channel at the apical surface reflects the extent
of channel opening or conductance.
CFTR = cystic fibrosis transmembrane conductance regulator; ER = endoplasmic reticulum;
PTC = premature termination codon.
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Clinical Trials of Ivacaftor
Ivacaftor is the most clinically effective CFTR modulator to date. This smallmolecule
potentiator facilitates CFTR function at the cell membrane by increasing chloride ion
conduction, although the precise mechanism of action is unclear. Ivacaftor has
demonstrated clinical efficacy in patients with class III gating mutations and in combination
with a CFTR corrector in patients with class II mutations.
FDA approval for ivacaftor was based on the findings of two landmark phase 3 randomized,
double blind, placebo controlled clinical trials: STRIVE and ENVISION.1,2 The STRIVE trial
randomized 161 patients carrying one or more G511D (Gly551Asp) CFTR mutations, aged
1253 years (FEV1 40%90%) to 150 mg ivacaftor twice daily or placebo for 48 weeks. The
primary endpoint was the change in percent predicted FEV1 from baseline, with secondary
endpoints including change in body weight, pulmonary exacerbations, and sweat chloride,
and change in the respiratory domain of the Cystic Fibrosis Quality of Life revised tool
(CFQR). At 24 weeks approximately threequarters of subjects demonstrated an increase in
FEV1 of 5% or more that persisted to 48 weeks. The improvement in lung function was rapid
and apparent by two weeks of ivacaftor treatment. At 48 weeks, patients randomized to
ivacaftor demonstrated a 10.5% increase in percent predicted FEV1 compared to placebo (P
< .001); had significantly fewer pulmonary exacerbations (67% vs 41% exacerbation free;
hazard ratio 0.455, P = .001); a reduction in sweat chloride (47.9 mmol/LP < .001); and
increase in body weight (3.1 kg vs 0.4kg, P = .001). Quality of life scores in the respiratory
domain were 8.6 percentage points higher in the ivacaftor group at 48 weeks compared to
placebo (P < .001). There were no significant differences in safety and tolerability between
the ivacaftor and placebo groups, with fewer serious adverse events related to a reduction in
pulmonary exacerbations observed with ivacaftor compared with placebo.
Efficacy of ivacaftor in children was confirmed in the ENVISION trial that randomized 52
children aged 611 years, carrying one or more G511D (Gly551Asp) CFTR mutations, to 150
mg ivacaftor or placebo for 48 weeks. Using the same framework and endpoints as in the
STRIVE trial, ENVISION demonstrated comparable improvements to STRIVE in lung function
at 24 weeks (change in percent predicted FEV1 from baseline: ivacaftor 12.6% vs placebo
0.1%, P < .001) that persisted to 48 weeks; reduction in sweat chloride (ivacaftor 54.3
mmol/L vs placebo 1.2 mmol/L, P < .001); weight gain (3.7 kg vs 1.8 kg, P < .001 at 24
weeks, sustained to 48 weeks in the ivacaftor group); and a 6.1point increase in CFQR
respiratory domain (P = .109). The rate of pulmonary exacerbations was too low for
meaningful analysis (ivacaftor 4 events vs placebo 3 events).
Improvement in lung function was greatest among patients with lower lung function,
although significant increases were also observed in those with near normal values. Overall
adherence to study treatment was high (~ 90% STRIVE, ~ 95% ENVISION).
Longerterm clinical efficacy and safety data were obtained in the 2014 PERSIST study, a
96week openlabel extension trial of patients who had completed STRIVE or ENVISION.3
The study enrolled 144 adults (STRIVE) and 48 children (ENVISION) to receive 96 weeks of
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ivacaftor 150 mg BID, evaluating the same clinical end points. The individuals enrolled from
the STRIVE/ENVISION placebo groups who began ivacaftor in PERSIST showed
improvements in lung function, body weight, and CFQR scores comparable to those
observed in the treatment arms of the prior studies, and these improvements were sustained
throughout the 96 week trial period. Annualized pulmonary exacerbation rates decreased
following their 48 weeks of ivacaftor treatment. In STRIVE and ENVISION subjects previously
treated with ivacaftor, the improvements in clinical outcomes observed were sustained
throughout the additional 96 weeks of ivacaftor treatment (total 144 weeks’ treatment). No
new clinical safety concerns were raised during the extension study, and adverse events
were comparable in nature and frequency to those observed in STRIVE and ENVISION, with
pulmonary exacerbations, upper airway symptoms, and mild gastrointestinal symptoms
being the most common.
Regulatory body approval for the expansion of the indication for ivacaftor to individuals³
aged 2 years and older, and to those carrying one of eight other gating mutations was
obtained based on the data from the KONNECTION (2014)4 and KIWI (2016) studies.5 De
Boeck and colleagues4 demonstrated clinical efficacy of ivacaftor in 39 patients (³ 6 years)
carrying nonG511D (Gly551Asp) CFTR gating mutations (G178R, S549N, S549R, G551S,
G1244E, S1251N, S1255P, and G1349D), in an eightweek, double blind, crossover study,
followed by a 16 week openlabel extension period. The primary outcome measure was the
absolute change in percent predicted FEV1 at eight weeks and 24 weeks, with secondary
endpoints as change from baseline in body mass index (BMI), CFQR respiratory domain,
and sweat chloride. At eight weeks ivacaftor was associated with a significant increase in
percent predicted FEV1 (7.5% vs 3.2%, P > .0001), BMI z score (0.24 vs 0.04 points, P =
.001), and CFQR (8.9 points vs 0.7, P = .0004) compared to placebo. Sweat chloride levels
significantly decreased in the treatment group (52.3 mmol/L vs 3.1 mmol/L, P < .0001).
These observations were sustained in the 16week extension period, with significant and
impressive improvements from baseline in percent predicted FEV1 , BMI, CFQR and sweat
chloride at 24 weeks.
Davies and colleagues5 conducted the first trial of ivacaftor monotherapy in young children
aged 25 years with one or more G551D (Gly551Asp) CFTR mutations, in an openlabel,
single arm, twopart study. The primary outcome was safety and pharmacokinetic data, with
secondary endpoints of change in sweat chloride, weight, BMI, and height reported. Part A
was a fourday safety and pharmacodynamics study of ivacaftor, 50 mg (subjects < 14 kg) or
75 mg (³ 14 kg) given twice daily, in nine subjects. Results confirmed area under the curve
(AUC) values comparable to those in adults and acceptable shortterm safety for
continuation to Part B. Part B was a 24week open label study of 34 children treated with
ivacaftor that demonstrated significant reduction in sweat chloride levels from baseline
(mean change 46.9 mmol/L, P < .0001), a 0.2 point (P = .001) and 0.4 point (P < .0001)
increase in weight and BMI z scores respectively. Observations of improved pancreatic
function (increased fecal elastase1 concentration) in some children did not reach statistical
significance but are nevertheless intriguing. The safety profile was similar to that observed in
adults and older children, with the most common adverse effect being cough (56%), vomiting
(29%), and upper respiratory symptoms.
The finding of elevated transaminases in 15% of the cohort raised concerns about the
potential for hepatic injury in young children receiving ivacaftor. The results of an 24week
open extension study found that five (15%) of 34 children enrolled in KIWI reported elevated
liver enzymes greater than eight times the upper limit of normal. Of these, four children had
study drug interruption, and one child discontinued ivacaftor. The effects on sweat chloride
and nutritional outcomes were sustained throughout the study, and overall the safety profile
appeared to be otherwise comparable to those in adults and older children. These data
suggest ivacaftor is palatable, safe, and well tolerated in preschool children with data to
support clinical efficacy, although close monitoring of liver enzymes is required.
The clinical effect of ivacaftor in residual function CFTR mutations (class IV) has been
examined in a phase 3 randomized, controlled, doubleblind trial of 69 patients³ 6 years with
the R117H (Arg117His) CFTR mutation in association with a second, nonfunctional protein
mutation (KONDUCT, 2015).6 The absolute change in percent predicted FEV1 from baseline
was evaluated over a 24week period, followed by a 12 week openlabel extension study.
No significant difference in percent predicted FEV1 from baseline (2.6% vs 0.5%, P = .2) or
BMI (0.49 vs 0.23 kg/m2 , P = .78) was observed with ivacaftor compared to placebo at 24
weeks, although there were significant improvements in CFQR respiratory domain (8.4
points, P = .009) and reduction in sweat chloride (24 mmol/L, P < .001). Of note was the
high mean baseline values of lung function in patients in the 611year age group that may
have masked a treatment effect.

A subgroup analysis of patients³ 18 years and older (with correspondingly lower mean
baseline FEV1 ) yielded more promising results, with a 5% point increase in FEV1 from
baseline with ivacaftor compared to placebo, (4.5% vs  0.5%, P = .01). No new safety
concerns were evident in the trial or in the extension period, and the safety profile was
comparable to those in the STRIVE and ENVISION studies.
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Clinical Trials of Lumacaftor and Lumacaftor/Ivacaftor
Combination Therapy
Lumacaftor (VX809) is a corrector that augments the correct folding and stability of
Phe508del (F508del)CFTR in the cell. Lumacaftor is a chaperone molecule that has been
shown in vitro to increase stable Phe508delCFTR production sixfold, potentially resulting
in greater concentrations of CFTR at the cell membrane.1 However, while lumacaftor may
increase the quantity of Phe508delCFTR, it does not appear to restore function to normal
levels. A phase 2a randomized double blind, placebo controlled study of lumacaftor in 89
adults homozygous for Phe508delCFTR suggested a similar safety profile between placebo
and active drug, and a small, dosedependent reduction in sweat chloride levels with active
drug.2
A second trial recruited adult patients homozygous (n = 82) and heterozygous (n = 27) for
Phe508delCFTR, randomized to either lumacaftor monotherapy at different doses or
placebo for 28 days, followed by a second 28day period of combination therapy (lumacaftor
600 mg and ivacaftor 250 mg) or placebo.3 In the homozygous group the greatest increase
in lung function was observed in the lumacaftor 600 mg/ivacaftor 250 mg group, with a 6.7%
absolute increase in percent predicted FEV1 from baseline (P = .002). Statistically significant
decreases in sweat chloride from baseline were observed over the total study period,
suggesting some restoration of CFTR function with combination therapy. Adverse events
were comparable across the treatment and placebo groups with no new safety concerns
emerging. Heterozygous patients experienced a decrease in percent predicted FEV1 of
1.3% compared to 3.7% placebo at 28 days, and those taking combination therapy did not
experience significant changes in sweat chloride levels. These data suggested that a
different approach is needed for heterozygous patients.
The results of these studies informed two 24week, phase 3 trials of combination therapy
with lumacaftor and ivacaftor in patients homozygous for Phe508delCFTR: TRAFFIC and
TRANSPORT.4 These large, multicenter studies randomized 1108 patients aged 12 years
and older to receive either lumacaftor 600 mg or 400 mg in combination with ivacaftor 250
mg, or placebo twice daily. Randomization was stratified according to age, gender, and
pulmonary function; the primary endpoint was the absolute change in percent predicted
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FEV1 from baseline at 24 weeks (calculated as an average of the percent predicted FEV1 at
weeks 16 and 24). The trial demonstrated a modest but significant increase in percent
predicted FEV1 from baseline that was apparent by two weeks of treatment and was
sustained for the trial duration in both active treatment groups. A mean relative treatment
difference in percent predicted FEV1 of 4.3%6.7% (P < .001) between active treatment and
placebo groups was demonstrated, with 39%46% of patients in the treatment groups
experiencing a relative improvement in percent predicted FEV1 of 5% or more, compared to
22% of those on placebo. Subgroup analyses demonstrated a beneficial treatment effect in
adolescents, patients with severe lung disease, and patients with or without Pseudomonas
aeruginosa infection. Pooled analysis demonstrated a 30%39% reduction in pulmonary
exacerbations (P < .001), significantly fewer hospitalizations and use of intravenous
antibiotics (P < .003), and a 1% improvement in BMI (P < .001) in the active treatment groups
compared to placebo. The safety profile was acceptable.
As in the phase 2 studies, there were adverse events related to dyspnea and chest
tightness, but these tended to resolve within the first month of use and with use of a
bronchodilator. Some abnormalities of liver enzymes were also seen, and more patients on
active treatment ceased study drug compared with placebo, although the numbers of
patients with elevation of liver enzymes was similar between active and placebo groups.
Overall the study confirmed a more modest but clinically significant benefit of combination
lumacaftorivacaftor therapy for patients homozygous for Phe508delCFTR, which affects
45% of the population with cystic fibrosis.
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Clinical Trials of Ataluren (PTC124)
Ataluren is a CFTR modulator that targets nonsense mutations and overrides the premature
stop codon that prevents the production of a complete CFTR protein. It is the only therapy for
class I CFTR mutations that has reached phase 3 clinical trials and is currently being
evaluated in an ongoing 96week, open label, extension study (NCT02456103) into the long
term safety and efficacy among patients not receiving treatment with inhaled
aminoglycosides. The safety and efficacy of ataluren has been assessed in adults and
children (> 6 years old) in three phase 2 studies.13
These studies collectively demonstrated significant improvements in nasal chloride channel
activity among patients randomized to ataluren compared to placebo. The results of these
studies led to a phase 3 randomized, doubleblind, placebocontrolled trial of 238 patients >
6 years, with mean change in FEV1 at 48 weeks as the primary endpoint.4 Results of the trial
were disappointing, with a relative overall fall in lung function seen across both active and
placebo groups (change from baseline in percent predicted FEV1 of 2.5% ataluren vs 5.5%
placebo, P = .099).
A post hoc analysis of patients not receiving aminoglycosides was more promising, showing
a 5.7% relative increase in FEV1 from baseline (P = .015) and significantly fewer pulmonary
exacerbations (P = .0061) in the treatment group. These data suggest that ataluren may
restore the production of CFTR, but concurrent use of aminoglycosides may inhibit the
activity and efficacy of ataluren. As aminoglycosides are a cornerstone of antibiotic therapy
in CF, the clinical application of ataluren may be limited. Ataluren was generally well
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tolerated, although observations of elevated serum creatinine (in 15% of the treatment group
vs 1% of placebo) raise some concerns regarding the safety of this agent. Longerterm
safety and efficacy data will ultimately determine if ataluren is a suitable future therapeutic
agent in CF.
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Optimizing the Clinical Use of CFTR Modulator Therapy
The studies reviewed above establish the groundwork of evidence on which to base the use
of CFTR modulators in clinical practice. We can appreciate which type of patients are likely
to benefit from available CFTR modulators, how they will benefit, and the magnitude of the
effects. However, optimizing the clinical application of these drugs requires careful
consideration.
Real world use of therapies may yield less impressive or different results in patients1 for a
number of reasons; perhaps most important of these is adherence. Adherence to complex
therapeutic CF regimens is a huge challenge for patients outside the intensely supportive
environment of a clinical trial. Ivacaftor and lumacaftor/ivacaftor combination require twice
daily oral administration with fatty food to maximize absorption and bioavailability and will be
prescribed under the premise that patients continue standard/usual CF care. Little data is
available to guide physicians or patients in how to best rationalize or manage the ever
increasing therapeutic burden in CF, and adherence to these exciting new therapies may be
less than optimal.
A small, singlecenter study electronically monitored adherence to ivacaftor in 12 patients (6
48 years) over a mean of 118 days and found that adherence decreased with time and was
poor overall at 61% (SD 28%), with a mean time between doses of 16.9 hours (IQR 13.9
24.1 hours). Patients overestimated their adherence (100% by self report vs 84% from
prescription refill history and 61% by electronic monitoring)2 , and therefore worryingly,
possibly 20% of drug may be wasted despite prescription refill. Careful assessment,
education, and shared decisionmaking among health care professionals, patients, and their
families will be needed to optimize the outcomes from CFTR modulators.
Optimizing the clinical application of CFTR modulators requires clinicians to think beyond
the anticipated benefits in nutrition and lung function. Future considerations for use may
include beneficial effects of CFTR modulator therapies on airway microbiology1 and glucose
homeostasis.3 Ivacaftor has been associated with a reduction in the percentage of patients
with Pseudomonas aeruginosa cultured in sputum (18.8% fewer P = .003)1 , although
inflammatory parameters and the bacterial load of P. aeruginosa in positive sputum cultures
did not change. Cystic fibrosisrelated diabetes (CFRD) is a common complication
associated with significant morbidity, and understanding is growing that insulin secretion is
affected by abnormal CFTR function.3 Enhancing CFTR function may improve glucose
tolerance and reduce CFRD. A small pilot study in five children with a G511D CFTR
mutation demonstrated improved insulin secretion following glucose challenge after one
month of ivacaftor therapy.4 These intriguing observations require further study in larger
populations but suggest a promising role for CFTR modulator therapy.
Optimizing clinical use of CFTR modulators means equitable access to therapy for all people
with CF. Can we extend the use of these therapies to the very young, those with mild lung
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disease (FEV1 > 100%), or severe disease (FEV1 < 40% predicted) when trials to date
have largely excluded these groups of patients? The usual clinical outcome measure of
FEV1 in clinical trials is an insensitive endpoint in mild lung disease. Therefore, the
treatment effect of CFTR modulators may be underestimated in patients with preserved lung
function. Lung clearance index (LCI) is a measure of ventilation inhomogeneity and appears
to be a more sensitive measure in patients with preserved lung function. Davies and
coworkers demonstrated statistically significant improvements in LCI (2.16 P < .0001) as a
clinical endpoint in a small crossover trial of 21 patients with a G511D CFTR mutation and
mild lung disease (baseline FEV1 > 90%, and LCI > 7.4) who received ivacaftor 150 mg
twice daily or placebo with treatment blocks and a washout period of 28 days.5 Future trials
are needed using more sensitive end points such as LCI to accurately assess clinical
response of this group of patients.6

Patients with severe lung disease are an important and vulnerable group. A small
retrospective study of 21 adults with severe lung disease who received ivacaftor on a
compassionate use basis showed a significant increase from baseline FEV1 (26.5% to
30.7% predicted P = .01), a decrease in intravenous antibiotic days (23 to 0 days P < .001),
and improvement in weight gain (49.8 kg to 51.6 kg P = .006) compared to matched
controls.7 Other reports of ivacaftor in severe lung disease report similar findings of
increased lung function and weight gain from baseline.8 In the subgroup analysis of 81
patients enrolled in TRAFFIC and TRANSPORT studies with percent predicted FEV1 that fell
below 40% between screening and baseline, similar benefits were seen compared with the
overall trial population.9 Future trials of CFTR modulators must specifically examine the
response to treatment among patients at the extremes of disease spectrum/severity.
A pivotal question for clinicians and researchers is the role of CFTR modulators as a disease
modifier in preventing CF lung disease. Lung disease begins very early in life, and chest
computed tomography (CT) scandiagnosed bronchiectasis is established in up to 60%80%
of children by age 56 years.10,11 Can CFTR modulator therapy delay or prevent lung
disease in young children and infants with CF? Currently evidence is lacking in this area,
and clinicians will have to wait for results of welldesigned trials in young children that
introduce CFTR modulation early in life and measure the effects using robust clinical
endpoints. A disease modifying effect of ivacaftor in patients with CF carrying at least one
G511D (Gly551Asp) mutation has been suggested in a recent study.12 The magnitude of
lung function decline in patients who took part in the clinical trials of ivacaftor and the open
label extension study over a threeyear period was compared to patients homozygous for
Phe508del. Patients were matched at baseline for age, sex, nutrition, FEV1 and chronic
therapies. The FEV1 decline was halved in patients treated with ivacaftor, but decline
persisted despite treatment with CFTR modulators.
Clearly, optimizing the clinical application of CFTR modulators requires both consideration
of the individual and critical evaluation of the available evidence supporting boarder clinical
benefits across a wider range of patients.
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Pipeline Therapies
The demand to broaden the therapeutic repertoire of CFTR modulators to target the full
range of basic defects caused by the various mutation classes has resulted in a proliferation
of new compounds being developed and assessed in preclinical studies for their potential to
modify CFTR function.1,2 The CF Foundation lists active clinical trials of new CFTR
modulators3 , and at the time of access six new compounds had entered into phase 13 trials.
Ataluren (PTC124) and VX661 have both progressed to phase 3 studies. VX661 is a class
II mutation corrector that functions as a trafficker molecule delivering CFTR to the cell
membrane. VX661 has entered into phase 3 clinical trials in patients with CF. These have
included patients who are homozygous for the Phe508del mutation as well as patients with
at least one copy of Phe508del mutation. VX661 in combination with ivacaftor is currently
under investigation in patients heterozygous for the Phe508del mutation who have a
residual function mutation (NCT02392234) or a gating mutation (NCT 02412111).
Results of phase 2 trials in 128 adults homozygous for Phe508del CFTR mutations found
improved benefit/risk profile with VX661 plus ivacaftor combination compared to
lumacaftor/ivacaftor and demonstrated significant increases in FEV1 and reduction in sweat

chloride at 28 days.4,5 Results from the phase 3 trials are expected to be available within 12
months.2
A recent press announcement reported that the trials for VX661 in combination with
ivacaftor in patients heterozygous for the Phe508del and with a second mutation that was
not likely to respond to the combination therapy (NCT02516410) has been stopped for futility
reasons although no concerning safety signals were reported.5
Two “next generation” correctors — VX152 and VX400 — are currently being evaluated
both as monotherapy and in triple combination with VX661 plus ivacaftor. Pending the
results of the phase 1 doseresponse studies, both these triple combinations will move into
phase 2 studies.2
A triple combination of novel CFTR potentiators, plus first generation and “new generation”
correctors, is in phase 1 and phase 2 trials. Six agents (GLPG1837, GLPG2222, GLPG2451,
GLPG2665, GLPG 2737, and GLPG2851), each with a unique mode of action, are being
trialed individually and in various combinations to determine safety and efficacy in patients
with a range of mutations. In vitro studies of one combination have reported up to a sixfold
greater chloride transport than lumacaftor/ivacaftor, and different combinations of these
agents may eventually address 80%90% of mutations in the CF population. Early trial
results are expected within 12 months.69
Of particular promise are the two phase 2a studies of VX371, an inhaled epithelial sodium
channel (ENaC) inhibitor with potential benefit for all people with CF, regardless of CFTR
mutation. One study is evaluating this agent in patients homozygous for Phe508del CFTR
mutations who are taking lumacaftor/ivacaftor; the other (CLEANCF) is enrolling people with
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a confirmed diagnosis of CF and any CFTR mutation.2
N9115 is an Snitrosoglutathione (GSNO)signaling molecule that improves the stability and
quantity of CFTR at the cell membrane. It is the first oral GSNO reductase inhibitor in clinical
development. In preclinical studies, N9115 was shown to improve Phe508delCFTR
function, and the agent was evaluated in a phase 1b study. A phase 2 study is now
underway evaluating N9115 in combination with lumacaftor/ivacaftor.10,11 An intravenous
GSNO reductase inhibitor, N6022, is also under investigation for use in patients
homozygous for Phe508del CFTR mutations.12
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KEY TAKEAWAYS
CFTR modulator therapy can provide important clinical benefit for patients with an
appropriate genotype.
Adherence to therapy with CFTR modulators cannot be assumed and must be
considered along with adherence to the usual therapies to achieve best outcomes.
New drugs are in development, along with new approaches to increase the numbers
of patients who will be eligible to start CFTR modulator therapy, but many challenges
remain including conducting trials in small numbers of patients with rare genotypes
and patients who are very young, very sick, or very well.
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