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Rationale: Ivacaftor (VX-770), a cystic fibrosis transmembrane con-
ductance regulator (CFTR) potentiator, has been shown to improve
lung function, pulmonary exacerbation rate, respiratory symptoms,
and weight gain compared with placebo in patients with cystic fibro-
sis aged 12 years or older with a G557D-CFTR mutation.

Objectives: This randomized, double-blind, placebo-controlled trial
evaluated ivacaftor in patients with cystic fibrosis aged 6-11 years
with a G551D-CFTR mutation on at least one allele.

Methods: Patients were randomly assigned to receive ivacaftor admin-
istered orally at 150 mg (n = 26) or placebo (n = 26) every 12 hours for
48 weeks in addition to existing prescribed cystic fibrosis therapies.
Measurements and Main Results: Despite near-normal mean baseline
values in FEV,, patients receiving ivacaftor had a significant increase in
percent predicted FEV; from baseline through Week 24 versus placebo
group (treatment effect, 12.5 percentage points; P < 0.001). Effects on
pulmonary function were evident by 2 weeks, and a significant treat-
ment effect was maintained through Week 48. Patients treated with
ivacaftor gained, on average, 2.8 kg more than those receiving placebo
at Week 48 (P < 0.001). The change from baseline through Week 48
in the concentration of sweat chloride, a measure of CFTR activity,
with ivacaftor was —53.5 mmol/L (P < 0.001) versus placebo. The inci-
dence of adverse events was similar in the two groups.

Conclusions: In patients who are younger and healthier than those in
previously studied populations, ivacaftor demonstrated a significant
improvementin pulmonary function, weight, and CFTR activity com-
pared with placebo.

Clinical trial registered with www.clinicaltrials.gov (NCT00909727).
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Ivacaftor is a small-molecule cystic fibrosis transmembrane
conductance regulator (CFTR) potentiator that is approved in
the United States, European Union, and Canada for the
treatment of cystic fibrosis in patients aged 6 years and older
with a G551 D-CFTR mutation. The ivacaftor clinical program
evaluated efficacy and safety in adolescents and adults (=12
years of age) and in children 6-11 years of age. The adolescent
and adult study, previously published, reported significant
improvements in lung function, patient-reported quality of life,
and weight gain, all associated with markedly reduced sweat
chloride concentrations compared with placebo.

What This Study Adds to the Field

Here we report findings from the second of these Phase 3
placebo-controlled trials of ivacaftor. Despite a milder degree
of lung disease at baseline, children (6-11 years of age)
demonstrated significant improvements in lung function, of
a magnitude similar to that in the older cohort; there were
also significant increases in weight after 48 weeks of treat-
ment with ivacaftor. This report shows efficacy with this
small-molecule CFTR potentiator in this age group and
underscores the clinical improvements that can be achieved
even in a population with low disease burden at baseline.

Cystic fibrosis (CF), a genetic disorder affecting approximately
70,000 children and adults worldwide (1-3), is caused by muta-
tions in the CF transmembrane conductance regulator (CFTR)
gene (4, 5). This gene encodes an epithelial chloride ion channel
protein (CFTR), which contributes to the regulation of salt and
water absorption and secretion in various tissues. The G551D-
CFTR mutation, a class III mutation, results in functional im-
pairment of CFTR channels that reach the cell surface (6).
Approximately 4-5% of patients with CF have this mutation
on at least one allele (1, 6). Although CF affects multiple
organs, progressive loss of lung function is the leading cause
of mortality.

Ivacaftor (VX-770; Vertex Pharmaceuticals Inc., Cambridge,
MA) is an orally bioavailable CFTR potentiator. Ivacaftor in-
creased the probability of CFTR channel opening in recombi-
nant cells bearing the G551 D gating mutation; it also enhanced
chloride secretion while reducing excessive sodium and water
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reabsorption in cultured human CF bronchial epithelial cells car-
rying one G551D allele (7). By addressing the underlying protein
defect, ivacaftor may help to maintain adequate airway hy-
dration, and may be able to modify disease progression (8, 9).

This randomized, placebo-controlled, double-blind, multicenter tri-
al evaluated the efficacy and safety of ivacaftor in a young (6-11 yr)
and more mildly affected group of patients with CF and at least one
G551D-CFTR mutation. Some of the results of these studies have
been previously reported in the form of abstracts (10-12).

METHODS
Study Oversight

The protocol was reviewed and approved by the institutional review
board or ethics committee at each participating center, and each patient
or caregiver provided written informed assent or consent.

Study Patients

Patients were eligible for inclusion if they were 6-11 years of age at
screening; had a confirmed diagnosis of CF (13); had the G551D-CFTR
mutation on at least one allele; had an FEV; of 40-105% of the pre-
dicted value for persons of their age, sex, and height (14); and had
a body weight greater than or equal to 15 kg. Patients were randomly
assigned in a 1:1 ratio to receive ivacaftor at a dose of 150 mg every
12 hours or matched placebo for 48 weeks. The dose of ivacaftor was
selected based on Phase 2a data and an initial, single-dose pharmaco-
kinetic analysis conducted in nine patients, as described in the online
supplement. Throughout the study, all patients continued to take their
prestudy medications, with the exception of inhaled hypertonic saline,
which was not an approved therapy in the United States and was not
permitted. Additional information about patient eligibility, study visits,
and assessments are provided in the online supplement.

Endpoints

The primary efficacy endpoint was the absolute change from baseline
through Week 24 in percent of predicted FEV;. Secondary endpoints
included the absolute changes from baseline in (/) percent of predicted
FEV; through Week 48; (2) weight at Weeks 24 and 48; (3) concentra-
tion of sweat chloride (a measure of CFTR function) through Weeks 24
and 48; and (4) patient-reported respiratory symptoms through Weeks
24 and 48 as assessed by the respiratory domain of the child version of
the Cystic Fibrosis Questionnaire-revised (CFQ-R) (15) (scored on
a 100-point scale, with higher numbers indicating less of an effect of
symptoms on the patient’s quality of life and four points considered
to be a minimal clinically important difference in clinically stable
patients) (16). Safety was also evaluated (see online supplement). Sub-
groups based on pulmonary function (<70%, 70-90%, >90%, and
<90% of the predicted FEV}), geographic region, and sex were used
in specific analyses. Occurrence of pulmonary exacerbation (as defined
in the online supplement) was monitored; however, in expectation of
limited events, no formal analyses were performed.

Statistical Analyses

A minimum sample size of 30 patients was based on the anticipated
available population rather than formal power calculations. The primary
analysis was based on a mixed-effects model for repeated measures and
adjusted for the baseline value of percent predicted FEV;. The primary
endpoint and key secondary endpoints (changes from baseline in
weight, sweat chloride, and CFQ-R respiratory domain score for all
time points up to and including Week 24) were analyzed with the use of
a multistage gatekeeping procedure (see online supplement).

RESULTS

Study Population

The study was conducted from March 2010 through April 2011.
The screening, randomization, and follow-up of patients are
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Figure 1. Patient disposition.

shown in Figure 1. The study population consisted of 52 patients
who underwent randomization and received at least one dose
of ivacaftor (26 patients) or placebo (26 patients). Baseline
characteristics are shown in Table 1. The mean age was 8.9
years, and the mean percent of predicted FEV, was 84.2. Over-
all, 52% of patients were female; sex distribution was uneven
within the groups. The mean values for percent of predicted
FEV,, sweat chloride concentration, and body weight were sim-
ilar in the two groups at baseline.

Twenty-six patients in the ivacaftor group (100%) and 22 in
the placebo group (85%) completed 48 weeks of treatment. The
mean rate of on-study compliance (see online supplement) with
study drug was 94.4% in the ivacaftor group and 95.7% in the
placebo group. All patients, placebo or ivacaftor group, who
completed 48 weeks of treatment enrolled in an open-label ex-
tension study (Study VX08-770-105; PERSIST).

Clinical Efficacy

Mean percent of predicted FEV| values at baseline were 84.7 in
the ivacaftor group and 83.7 in the placebo group. Through
Week 24, the model-adjusted, mean absolute increase from
baseline was 12.6 percentage points in the percent of predicted
FEV; in the ivacaftor group, compared with an increase of 0.1
percentage points in the placebo group, a treatment effect of
12.5 percentage points (P < 0.001) (Figure 2A; see Table E1 in
the online supplement). An effect of ivacaftor was noted by Day
15 of treatment, and a significant treatment effect was main-
tained throughout the study. The adjusted change in percent
of predicted FEV; from baseline through Week 48 was 10.0
percentage points greater with ivacaftor than with placebo
(10.7 vs. 0.7; P < 0.001) (see Table E1). The absolute change
from baseline in percent of predicted forced mid-expiratory
flow rate was significantly greater for the ivacaftor group versus
the placebo group through Week 24 (treatment effect, 22.3 per-
centage points; P < 0.001), which was consistent with the
change in percent of predicted FEV; (see Table E2).

The change in percent of predicted FEV; was analyzed within
predefined subgroups based on geography, sex, and baseline
FEV,. For all subgroups, FEV; outcomes through 24 weeks
showed evidence of a treatment effect with ivacaftor (range,
4.2-24.6 percentage points). The differences in FEV; remained
statistically significant for ivacaftor versus placebo within the
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TABLE 1. BASELINE CHARACTERISTICS OF THE STUDY POPULATION*

Characteristic Placebo (n = 26) Ivacaftor (n = 26) Total (n = 52)
Sex, n (%)

Male 16 (62) 9 (35) 25 (48)

Female 10 (38) 17 (65) 27 (52)
Non-Hispanic, n %)" 24 (92) 23 (88) 47 (90)
Geographic distribution, n (%)

North America 15 (58) 12 (46) 27 (52)

Europe 5019 6 (23) 11 (21)

Australia 6 (23) 8 (31) 14 (27)
Age, yr

Mean 8.9 8.9 8.9

Range 6 to 12% 6 to 12F 6to 12%
Age distribution, n (%)

6-8 yr 13 (50) 12 (46) 25 (48)

9-11 yr 12 (46) 11 (42) 23 (44)

12 yr 1 (4) 3(12) 4(8)
Height, cm

Mean 132.6 134.9 133.8

Range 110.5 to 155.8 115.0 to 168.6 110.5 to 168.6
Weight, kg

Mean 30.0 31.8 30.9

Range 17.8 to 46.3 18.8 to 62.6 17.8 to 62.6
Body mass index, kg/m?

Mean 16.8 171 17.0

Range 13.8 to 22.1 14.2 to 26.0 13.8 to 26.0
Body mass index-for-age z score

Mean 0.08 0.09 0.08

Range —1.8to1.4 -1.5t0 2.1 -1.8to 2.1
Percent of predicted FEV,

Mean 83.7 84.7 84.2

Range 44.0to 116.3 52.4t0133.8 44.0 to 133.8
Percent of predicted FEV; distribution, n (%)

<70% 8 (31) 4 (15) 12 (23)

=70% to <90% 6 (23) 12 (46) 18 (35)

>90% 12 (46) 10 (38) 22 (42)
Sweat chloride, mmol/L

Mean 104.8 104.3 104.6

Range 92.0 to 121.0 54.0 to 128.0 54.0 to 128.0
CFQ-R, child version, score for respiratory domain

Mean 80 78 79

Range 25.0 to 100.0 33.3 to 100.0 25.0 to 100.0
CFQ-R, parent/caregiver version, score for respiratory domain

Mean 81 81 81

Range 38.9 to 100.0 33.3 to 100.0 33.3 to 100.0

*None of the characteristics differed significantly between the groups (P > 0.05 for all comparisons).

T Race or ethnic group was self-reported; information not provided for four patients in accordance with local regulations. One patient self-identified as “Other.”
* All participants met inclusion criteria at screening (four children turned 12 yr of age between screening and baseline visits).

$The body mass index is the weight in kilograms divided by the square of the height in meters.

following subgroups: females, European centers, and patients
with percent of predicted FEV; less than or equal to 90% at
baseline (see Figure E1). In a post hoc analysis of FEV; outcomes
by tertiles of baseline FEVy/forced vital capacity ratio (a lower
ratio being associated with greater severity), ivacaftor treatment
was associated with a greater treatment effect and absolute
improvements among patients with more severe lung function im-
pairment at baseline compared with other tertiles (see Figure E2).
At Week 24, patients in the ivacaftor group had gained an
average of 3.7 kg, compared with 1.8 kg in the placebo group
(treatment effect, 1.9 kg; P < 0.001) (Figure 3A; see Table
E1l). The treatment effect of ivacaftor relative to placebo was
greater by Week 48 (2.8 kg; P < 0.001) (see Table E1). Body
mass index (BMI)-for-age z scores improved in the ivacaftor
group through Week 8, and were sustained for the remainder
of the 48-week treatment period, whereas BMI-for-age z scores
declined in the placebo group (wk 24 treatment effect, 0.34, P <
0.001; wk 48 treatment effect, 0.45, P < 0.001) (Figure 3B).
Patients treated with ivacaftor had an increase in scores on the
child version of the CFQ-R respiratory domain, indicating

improvement in respiratory symptoms compared with those receiv-
ing placebo. Mean baseline scores were 78 points in the ivacaftor
group and 80 points in the placebo group. From baseline to Week
24, the model-adjusted scores increased by 6.3 points in the ivacaf-
tor group and 0.3 points in the placebo group (treatment effect, 6.1
points; P = 0.109) (Figure 2B; see Table E1). Parents or caregivers
also completed a version of the CFQ-R (mean baseline value of
81 points in both groups), and the mean adjusted absolute change
in the respiratory domain from baseline to Week 24 was higher in
the ivacaftor group (treatment effect, 5.9 points; P = 0.033).
The protocol-defined pulmonary exacerbation rate was low
and did not differ between ivacaftor-treated and placebo groups
(four events and three events, respectively). Sweat chloride con-
centrations dropped rapidly (treatment effect observed at the
first on-treatment visit, Day 15) in the ivacaftor group and
was stable through Weeks 24 and 48 (Figure 2C), which is con-
sistent with improved CFTR function. The mean change from
baseline in sweat chloride was —55.5 mmol/L in the ivacaftor
group and —1.2 mmol/L in the placebo group (treatment effect,
—54.3 mmol/L; P < 0.001) and was maintained through Week
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Figure 2. Absolute changes
from baseline in percent of pre-
dicted FEV; and Cystic Fibrosis
Questionnaire-revised (CFQ-R)
respiratory domain scores, and
absolute sweat chloride con-
centrations by study group. (A)
Absolute mean change from
baseline (= SEM) in percent of
predicted FEV;. (B) Absolute
mean change from baseline (=
SEM) in the CFQ-R respiratory
domain score (child question-
naire version). (C) Sweat chlo-
ride concentrations (= SEM)
from baseline to Week 48. The
orange dashed line indicates
60 mmol/L, the recognized di-
agnostic cut-off. In A, B, and C,
estimates are model-based.
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48 (see Table E1). Only one patient was homozygous for the
G551D mutation; the absolute change from baseline in sweat
chloride at Week 48 was —54.5 mmol/L for this patient.

Safety and Adverse Event Profile

The incidence of adverse events through Week 48 was similar in
the two groups (Table 2). One patient in the ivacaftor group
had an event leading to study drug interruption, as did three
patients in the placebo group. One patient in the placebo group
withdrew from the study because of psychological issues and anx-
iety. No subjects withdrew in the ivacaftor group. Adverse events
occurring in greater than or equal to 10% of subjects in either arm
are shown in Table E3 in the online supplement. Compared with
the placebo group, cough, productive cough, vomiting, rales, and
decreased pulmonary function test were less common (=5% inci-
dence differential between groups) in the ivacaftor group, whereas
oropharyngeal pain, headache, nasopharyngitis, upper respiratory
tract infection, otitis media, diarrhea, and increased blood eosino-
phil count were more common in the ivacaftor group.

Eleven patients reported serious adverse events (five patients in
the ivacaftor group and six in the placebo group). Only pulmonary
exacerbation (two patients in the ivacaftor group and three in the
placebo group) and productive cough (one patient in each group)
were reported more than once. No deaths occurred during the
study. No clinically important trends attributable to ivacaftor were

Week 32

T T T
Week 40 Week 48

identified in results on clinical laboratory tests (serum chemistry,
hematology, coagulation studies, liver function tests, and urinaly-
sis); vital signs; digital electrocardiograms; ambulatory electrocar-
diograms; or physical examinations.

DISCUSSION

Ivacaftor, an oral CFTR potentiator, significantly improved FEV;
and most secondary endpoints in children with CF 6-11 years of
age who have a G551 D-CFTR mutation on at least one allele. The
results of this study confirm that the efficacy of ivacaftor shown
previously in adolescents and adults extended to this younger,
healthier patient population (17). During the preparation of this
manuscript, ivacaftor was approved in the United States, Europe,
and Canada for the treatment of CF in patients greater than or
equal to 6 years of age who have a G551D mutation.

The improvements in percent of predicted FEV; were similar
in magnitude to those seen in the trial of patients with CF
greater than or equal to 12 years of age despite the fact that
the children in the current study entered with less impairment in
lung function than the adolescents and adults enrolled in the
earlier trial, who had a mean FEV, of 63.6%. Many children in
the current study started with lung function within the normal
range and still displayed improvements in percent of predicted
FEV; and other key secondary endpoints. In these children with
CF, the mean treatment effect with ivacaftor through 24 week
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TABLE 2. PATIENTS WITH ADVERSE EVENTS AND DRUG DISCONTINUATIONS CAUSED BY ADVERSE

EVENTS BY TREATMENT GROUP

Adverse Event Category

Placebo (n = 26) n (%) Ivacaftor (n = 26) n (%)

Any adverse event
Adverse event leading to study drug interruption

Adverse event leading to permanent discontinuation of study drug

Any serious adverse event
Death

25 (96.2) 26 (100)
3(11.5) 1(3.8)
1(3.8) 0
6 (23.1) 5(19.2)

0 0

was an absolute improvement of 12.5 percentage points of pre-
dicted FEV;. Dornase alfa, which is part of the standard of care
in CF, was associated with a treatment effect of 3.2 percentage
points in FEV; at Week 96 in children 6-10 years of age in a clin-
ical trial (18). Inhaled tobramycin, another standard-of-care CF
therapy, resulted in a nonstatistically significant treatment effect
relative to baseline of 8.6% in FEV; versus placebo at Week 20 in
a subgroup of children 6-12 years of age enrolled in a clinical
study (19). Most children in the current study were receiving these
agents (dornase alfa, 77%; tobramycin, 50%); thus, the substantial
treatment effect of ivacaftor was achieved within the setting of
these ongoing, standard-of-care medications.

A comparison of changes in pulmonary function observed in this
trial and the earlier study of ivacaftor in adolescents and young adults
(17) suggests a greater magnitude of improvement in this younger
population. A post hoc analysis of patients with baseline FEV; 50—
80% of predicted across the two trials showed that, at every time
point, younger patients from the current trial had a greater mean
improvement in FEV; compared with older patients with similar
impairments in pulmonary function (see Figure E3).

Impairment in FEV; in patients with CF can be related to
a number of factors, including mucus plugging, airway wall thick-
ening caused by inflammation or remodeling, and established
bronchiectasis. The rapid improvements in FEV; followed by a pla-
teauing of effect with ivacaftor in the current study population
were similar to those observed in the earlier trial in patients with
CF greater than or equal to 12 years of age (17). This suggests that
the primary mechanism of ivacaftor may involve a CFTR-
mediated effect on airway surface secretions, which may have
resulted in decreased inflammation and/or less mucus plugging
rather than an effect on airway remodeling processes. Additional
follow-up is needed to determine whether the effects of CFTR
modulation by ivacaftor over multiple years produce physiologic
changes that further improve airway function in patients with CF.
Although placebo-controlled trials long enough and with a large
enough sample size to show such an impact are impractical to
execute, data from the ongoing, open-label extension study may
be a first step in elucidating answers to these questions.

As was expected in this age group, children in both study arms
gained weight during the trial period. However, children who re-
ceived ivacaftor gained, on average, 2.8 kg more than those allo-
cated to placebo at Week 48, which is consistent with the 2.7 kg
greater weight gain with ivacaftor compared with placebo observed
in the earlier study (17). It is striking that z scores for BMI im-
proved rapidly in the ivacaftor group over the first 8 weeks of
treatment (with sustained improvements through 48 wk), whereas
BMI z scores declined in the placebo arm. Suboptimal weight gain
is a common problem in CF and may be attributed to multiple
factors, including pancreatic insufficiency leading to intestinal
malabsorption, nutritional deficiencies, reduced appetite, diabetes,
direct consequences of reduced CFTR function on gut absorption,
and higher metabolic rate caused by chronic lung inflammation
and the increased work of breathing (20-23). It seems unlikely
that any agent given after 6 years of age could have a significant
impact on pancreatic damage, which is thought to occur earlier in

life. CF therapies that improve lung function, such as tobramycin
and dornase alfa, did not lead to improvements in nutritional
status in published studies (18, 19). Taken together, this suggests
that additional mechanisms may be contributing to the nutritional
findings in the current study of ivacaftor.

Although respiratory symptoms (measured with the CFQ-R) de-
creased from baseline with ivacaftor treatment, these reductions
were not statistically significant compared with placebo, except
for the Week 24 findings with the parent-caregiver questionnaire.
In the study conducted in patients greater than or equal to 12 years
of age, ivacaftor was associated with significant improvements in
CFQ-R respiratory domain scores through Week 48, compared with
placebo (17). This apparent difference between studies may reflect
the differences in baseline respiratory severity in the respective
study cohorts; the higher CFQ-R at baseline in the current study
(mean 79 points, child version, vs. 70 points, pooled adolescent/
adult and child versions in the adult study); or simply the small
sample size in this study (n = 52 vs. n = 161 in the adult study).

Correlations between outcomes, such as sweat chloride and
FEV,, were not observed in the much larger adolescent and adult
trial of this agent and therefore were not explored in this study.

Ivacaftor had an acceptable safety profile during twice-daily
administration for 48 weeks, a finding consistent with those from
the earlier study. Individual adverse events with ivacaftor were
reported at similar frequencies as in the earlier study, with cough,
pulmonary exacerbation, oropharyngeal pain, and headache as
the most common events. Serious adverse events were not in-
creased by ivacaftor, compared with placebo, in either study.
However, this novel agent has to date been administered to a
relatively small population and for a limited period of time. On-
going post-marketing surveillance is essential to confirm longer-
term safety, particularly because the drug is intended for lifetime
use. In addition to pharmacovigilance activities and to better un-
derstand the long-term safety of ivacaftor, a 5-year safety surveil-
lance study is ongoing in the United States and Europe. Also,
because cataracts were observed in newborn rats, and although
cataracts have not been observed in human trials to date, an ob-
servational study on ocular safety seeks to provide information
on potential ophthalmologic side effects.

Ivacaftor has been tested in clinical studies only in patients with
the G551D mutation and in those homozygous for F508del (24); in
the latter, as expected, there was no beneficial effect. Several ongo-
ing studies are underway to explore response in patients with muta-
tions beyond G551D and F508del. It may be instructive to observe
whether similar outcomes occur in patients with G551 D-like muta-
tions and in those where a more limited response might be expected
based on the current in vitro understanding of the genetic defects.

In this study, treatment with ivacaftor produced statistically
significant and clinically meaningful improvements in pulmonary
function, weight, and CFTR activity (as determined by sweat
chloride) in 6- to 11-year-old patients carrying a G551D-CFTR
mutation on at least one allele. Importantly, these children were
younger and healthier than previously studied populations.
Effects of ivacaftor treatment were seen in addition to standard
CF therapies and the adverse event profile was consistent with
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that seen in other studies. The consistency of therapeutic effi-
cacy with ivacaftor across the spectrum of CF disease supports
continued testing of this agent in children younger than 6 years
of age, because this is the population with the greatest potential
for modification of disease progression.
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