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Impact of CFTR Modulation on Intestinal pH, Motility,
and Clinical Outcomes in Patients With Cystic Fibrosis
and the G551D Mutation

Daniel Gelfond, MD', Sonya Heltshe, PhD?, Changxing Ma, PhD®, Steven M. Rowe, MD*, Carla Frederick, MD®, Ahmet Uluer, DO®,
Leonard Sicilian, MD®, Michael Konstan, MD’, Elizabeth Tullis, MD®, R.N. Christine Roach, BSN®, Katherine Griffin, BA®,
Elizabeth Joseloff, PhD® and Drucy Borowitz, MD?

OBJECTIVES: A defect in bicarbonate secretion contributes to the pathophysiology of gastrointestinal complications in patients
with cystic fibrosis (CF). We measured gastrointestinal pH, clinical outcomes, and intestinal transit profiles in patients with the
G551D mutation before and after treatment with ivacaftor, a CF transmembrane regulator channel (CFTR) potentiator.
METHODS: Observational studies of ivacaftor effectiveness were conducted in the United States and Canada. A subset of subjects
ingested a wireless motility capsule (n=10) that measures in vivo pH, both before therapy with ivacaftor and 1 month after
treatment; values obtained were compared for mean pH and area under the pH curve, and regional intestinal motility. We also
queried subjects about abdominal pain and recorded body weight before and after treatment.

RESULTS: One month after administering ivacaftor, a significant increase in mean pH was observed after gastric emptying
(P<0.05). Area under the pH curve analyses indicate increased bicarbonate mass (P<0.05 for select 5 min intervals and all
segments > 30 min); mean weight gain was 1.1 kg (P = 0.08). No difference in abdominal pain or regional transit times was seen.
CONCLUSIONS: CFTR modulation improves the proximal small intestinal pH profile in patients with the G551D CFTR mutation and
we observed clinically relevant, contemporaneous weight gain, although it did not reach statistical significance. These data
provide in vivo evidence that CFTR is an important regulator of bicarbonate secretion, which may be a translational link between
CFTR function and clinical improvement.
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INTRODUCTION

Cystic fibrosis (CF) is caused by dysfunction of the cystic
fibrosis transmembrane conductance regulator (CFTR), an ion
channel on the apical surface of epithelia. Dysfunction of CFTR
as a result of mutations in the gene leads to obstruction in the
airways, pancreatic and hepatobiliary ducts, and intestine,

The majority of patients with CF have severe pancreatic
insufficiency (Pl) as a result of decreased flow of pancreatic
bicarbonate and fluid, obstruction of the pancreatic ducts,
and subsequent severe reduction of pancreatic enzyme
secretion.'®'" The pancreatic parenchyma is destroyed and
replaced by fat; however, the duct remains present. Bicarbonate
secretion in the gastrointestinal lumen is primarily via the ductal

which causes the clinical signs and symptoms of CF. There is
strong evidence that duodenal bicarbonate is secreted via
CFTR."? Bicarbonate drives pancreatic and other epithelial
fluid secretion in a wide range of animals, including humans.®*
It has been proposed that luminal bicarbonate is critical in
facilitating normal unfolding and hydration of mucus.® Lack of
bicarbonate leads to excessively adhesive mucus in mouse
models of the CF intestine®” and excised airways of swine.®*°
and thus may be central to the pathophysiology of CF. The
proximal small intestine has a major bicarbonate-secreting
function to rapidly neutralize gastric acid from a pH of 1-3to a
physiologic level of 5.5-7. These large swings in pH make
it an ideal site in which to demonstrate abnormalities in
pH modulation.

cells of pancreas, but the biliary tree and duodenal epithelial
cells also contribute to CFTR-mediated bicarbonate secretion.'?

Inadequate acid neutralization in the proximal small intes-
tine likely interferes with nutrient absorption by diminishing
pancreatic enzyme activity and by causing intraluminal
precipitation of bile acids with impaired micelle formation.'®
Poor growth is closely correlated with poor lung function,
decreased forced expiratory volume in 1s in adults and
pediatric patients with CF.'* Strategies to improve nutrition and
decrease malabsorption by optimizing intestinal pH and
increasing luminal bicarbonate are likely to benefit both
pulmonary and gastrointestinal symptoms in patients with CF.

Modulation of CFTR activity is now possible for some
patients with CF. The CFTR potentiator ivacaftor has marked
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effects on clinical outcomes in patients with the CFTR G551D
gating mutation'® and other related alleles. We hypothesized
that these benefits may be as a result of increased bicarbonate
secretion. We aimed to study the effect of CFTR function as a
mediator of in vivo bicarbonate secretion by measuring
intestinal pH along with GI transit profiles and clinical
parameters in patients with the G551D mutation before and
after treatment with ivacaftor.

METHODS

The data presented here are from two substudies of long-
itudinal observational cohort studies of the effectiveness of
ivacaftor conducted in ambulatory subjects in tertiary care
settings at CF Centers in the United States and Canada and
expand upon preliminary results reported from the US
cohort.’® For these substudies, subjects >18 years of age
with CF and at least one G551D CFTR mutation were enrolled
at four US and one Canadian site. Demographic information
was collected in the longitudinal studies along with clinical
outcomes and quality of life data for all subjects as described
previously.'® Gl pH and regional transit times were measured
using a wireless motility capsule (WMC) before and 1 month
after subjects started treatment with ivacaftor based on their
physician’s prescription. Study protocols and informed
consent forms were approved by the Institutional Review
Board at each US site and by the Regulatory Ethics Board in
Canada; all subjects provided written consent.

CF was diagnosed by sweat confidence interval (Cl)
>60 mmol/l or the presence of two CF-causing mutations
(http://www.cftr2.org). Pl was based on fecal elastase
<100 ug/g, or serum immunoreactive trypsinogen <7 ug/l
(measured when the subject was >8 years of age). Exclusion
criteria included history of fibrosing colonopathy, intestinal
resection, lack of daily bowel movements, CF-related diabetes,
liver disease, or severe obstructive lung disease with forced
expiratory volume in 1s <25% predicted. Subjects with
CF-related diabetes were not excluded from pH pill study
participation. No subjects had been hospitalized in the prior
2 months and all subjects were evaluated and in stable health at
the time of the study. Subjects were instructed to withhold acid-
suppressing medicines (proton pump inhibitors or histamine-2
blockers) during the week before capsule ingestion.

The WMC system (SmartPill Medtronic Gl Solutions,
Sunnyvale, CA) includes an ingestible capsule (cylindrical,
26.8 mm long by 11.7 mm in diameter), a receiver that is worn
outside the body by a subject, and dedicated display and
analysis software. The WMC houses sensors for pH,
temperature, and pressure, and transmits data at 434 MHz
to the receiver for up to 5 days. The frequency of pH
measurements is maintained at every 5s (12 values every
minute) for the first 24 h, then reduced to once every 20s
(3 values every minute) for the next 24 h, and finally reduced
further to once every 40 s until the end of the test to conserve
battery power. WMC technology has been approved in United
States and Canada in adults > 18 years of age.

Following an overnight fast, subjects ate a standardized low
fat meal bar (255 kcal; 16 g of protein, 40 g of carbohydrates,
0.5 g of fiber, 1.83 g of total fat, and 1.51 g of saturated fat) with
half their usual enzyme dose for Pl subjects and no enzymes
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in PS subjects and swallowed the WMC with water. One
subject ingested an oral glucose substrate (75 g) instead of
the meal bar, which has been shown to be equivalent to the
meal bar as a substrate for measuring Gl pH."” Subjects were
observed for 1 h before discharge. Subjects were instructed on
recognition of capsule passage via an indicator of a signal loss
on the receiver. Once the receiver indicated loss of signal
coinciding with capsule evacuation, the WMC was discarded
and only the receiver was mailed back to the research
coordinator. Data from the receiver was downloaded and
analyzed at a central site (University at Buffalo, Buffalor, NY).

Data analysis and statistical methods. pH profile data
were extracted using the Gastrointestinal Motility Software
(GIMS) (Medtronic Gl Solutions, Sunnyvale, CA). Gastric
emptying was defined as a sustained rise in the pH by >3
units above the gastric pH. lleocolonic transit was defined as
an abrupt drop in the intestinal pH > 1 unit without recovering
to the prior mean intestinal pH. Completion of the study was
defined as an acute temperature drop corresponding to
capsule evacuation along with permanent loss of signal on
the receiver.

Mean pH values over 1min increments from gastric
emptying were calculated for the duration of 2 h using the
GIMS Data Viewer 2.2.1 (Medtronic Gl Solutions). The area
under the curve (AUC) of the pH profile in the small intestine
was calculated for the entire 120 min, for 30 and 60 min
intervals, and for each 5 min increment using the trapezoidal
rule. P values are two-sided and 95% Cls are reported. If
subjects were more than 5 ft from the receiver, data signal from
the capsule was not captured by the receiver and would be
labeled as data gaps. These data gaps were excluded from the
pH analysis. Paired ttests were used to compare clinical and
quality of life outcomes, means of 1 min pH profiles, and AUC
calculations before and after ivacaftor therapy. The time
required to reach and maintain pH 5.5 was calculated for each
test and compared before and 1 month after ivacaftor
exposure with a paired t-test. This level was chosen because
it is the minimum pH for dissolution of the enteric coating of
proptietary pancreatic enzymes'®'® and pancreatic enzy-
matic activity.?° Similarly, gastric emptying time, small
intestinal transit, and colonic transit intervals were calculated
for each subject before and after ivacaftor. The study was
designed to have 80% power with 15 subjects to conduct a
two-sided paired t-test to detect a change of 1 pH unit with a
type-l error 0.05. This calculation assumed a variance
estimate from preliminary single-center paired data and a
10% drop-out rate. Statistical analyses were performed using
R (R Development Core Team, version 2.15, Vienna, Austria),
SPSS (IBM Corporation, version 9.3, Cary NC), and Prism
GraphPad (GraphPad Software Inc, version 6.0e for Mac OS
X, La Jolla, CA).

RESULTS

Subject clinical characteristics are shown in Table 1. The
mean age was 35.7 years (range: 25-50 years) and 50% were
female. Seventy percent had F508del as their second CFTR
mutation. Eight out of 10 subjects had Pl at baseline. Mean
weight gain after 1 month of ivacaftor was 1.1 kg (P=0.08).
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Table 1 Demographics and clinical characteristics
Second Pl Abdominal Abdominal pain Weight at Weight chan- Sweat Cl before Sweat Cl after
mutation pain at screening  after ivacaftor screening (kg) ge® (kg) ivacaftor (mmol/l) ivacaftor (mmol/l)
F508del Y Y Y 74.5 2.0 102 67
F508del Y Y Y 721 3.6 91 31
F508del Y Y Y 87.1 0.4 102 37
Unidentified Y Y Y 72 0.1 110 65
F508del Y Y Y 52.5 -1.2 102 25
F508del Y Y Y 56.6 -1.1 87 36
F508del Y Y Y 57.9 -0.1 114 47
Unidentified N N N 104.0 3.5 79 48
F508del Y N N 53.6 22 86 35
5T N N N 93.9 1.6 81 43

Cl, confidence interval; PI, pancreatic insufficiency.
®Weight at the time of the second WMC study one month on Ivacaftor therapy.

-0~ Pre Ivacaftor
-@ Post Ivacaftor
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Minutes from gastric emtpying

Figure 1 pH changes in 1 min increments after gastric emptying. Average pH profiles at 1 min increments starting from gastric emptying (time =0) in the same cohort of
subjects before ivacaftor (green circles) and 1 month after treatment with ivacaftor (red squares). Mean time interval to reach and sustain pH of 5.5 preivacaftor (up arrow)—
40 min and postivacaftor (down arrow)—8 min. *Time interval between 8 and 24 min after gastric emptying with paired ttest differences. P< 0.05.

Five of 10 subjects had clinically relevant weight gain (defined
as >1kg over 1 month); three subjects lost weight during the
month. Mean sweat chloride values before and after ivacaftor
were 95.4 and 43.4 mmol/l, respectively (P<0.001). Seven of
10 subjects reported abdominal pain at baseline; there was no
change in self-reported abdominal pain based on analysis of
the Gl subscale of the quality of life instrument used in the
longitudinal cohort studies.®

A statistically significant increase was observed in mean pH
values between 8 and 24 min after gastric emptying (P<0.05)
(Figure 1). The mean time required to reach and sustain pH of
5.5, before and after taking ivacaftor was 40 vs. 8 min
respectively (Figure 1) (P<0.02; difference 32.4 min, 95%
Cl: 7.5, 57.1). These findings remained significant when
pancreatic sufficient subjects were removed from the analysis.

The pH profile AUC was calculated to analyze the relative
change in base required to buffer acid. Bicarbonate is the
predominant source of base used in luminal homeostasis and
pH balance. Consequently, AUC of the pH curve can indirectly
represent bicarbonate mass.?’ AUC analysis among all
subjects (Pl and PS) showed significant improvement
between 0 and 30 min (AUC= 2,072.9; 95% CI=950.5,
3,195.3; P=0.00238), 060 min (AUC=4,355.1; 95% Cl=

1,576.2,7,134.0; P=0.0062) and 0—120 min (AUC =9,529.8;
95% Cl=2,442.0, 1,6617.6; P=0.01398), suggesting an
overall increase in luminal bicarbonate within the small
intestine in response to ivacaftor. Further, paired ttest of the
mean 5 min increments of pH AUC comparing subjects before
and after taking ivacaftor showed significant differences
between 15 and 20min (P=0.02) and 25 and 30 min
(P=0.03). Repeating this analysis only on PI subjects
demonstrated significance at each 5-min interval between 5
and 25min (5—-10min: P=0.024; 10-15min: P=0.018;
15-20 min P=0.009, 20—15 min: P=0.032) (Figure 2). Use
of ivacaftor did not lead to significant differences in gastric
emptying, small intestinal transit time, colonic transit, or whole
gut transit compared with preivacaftor values (Figure 3).

DISCUSSION

Ivacaftor potentiates ion transport via CFTR. The subjects
enrolled in these two effectiveness studies had the same
reduction in sweat chloride concentrations as in the pivotal
phase |l study of ivacaftor in CF patients with the G551D
mutation.'® Noticeable changes of sweat chloride and forced
expiratory volume in 1s were observed within 2 weeks of
starting therapy in this pivotal study, which supported our study
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Figure2 Areaunder the curve (AUC) analysis of the pH profile. Average AUC of the pH profile was calculated at 5 min intervals using the trapezoidal rule. AUC (integral of the
pH curve) is suggestive of increased bicarbonate flux in subjects after ivacaftor (red squares) compared with same group before ivacaftor (green circles).
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Figure 3 Gastrointestinal transit profiles before and after ivacaftor. Transit profile
with interquartile range error bars. No change in transit profiles after 1 month of
treatment with ivacaftor. CTT, colonic transit time; GET, gastric emptying time; SBTT,
small bowel transit time; WGTT, whole gut transit time.

design to repeat the pH pill study 1 month after starting
therapy. In addition to improved chloride resorption in sweat
ducts, we provide evidence of the increased bicarbonate
secretion anticipated with improved CFTR activity, as shown
by a significant increase in proximal small intestinal pH and a
decreased time to reach a stable pH>5.5. The pH profile seen
in this group after taking ivacaftor for 1 month appeared to be
similar to that seen in healthy individuals without CF.2" This
difference was seen even though we predicted that we would
need a larger sample size. The statistically significant
difference in the pH profile after treatment with ivacaftor was
seen despite the recruitment of fewer subjects because of the
large effect size, pointing to the potency of ivacaftor to
increase CFTR-mediated bicarbonate secretion. In addition,
two subjects were pancreatic sufficient and had a higher
baseline pH, which might have limited our ability to see a
change from baseline, thus strengthening our findings.
There is strong evidence that CFTR’s role as a bicarbonate
channel and a modulator of chloride and bicarbonate transport
is at the heart of the disruptions in normal physiology that
directly contribute to the clinical manifestations of CF?223
Abnormal CFTR-mediated bicarbonate secretion affects the
airways,® but is easier to study in the Gl tract than in the
airways because of the immediate and marked increase in pH
that follows gastric emptying and the ability to measure pH
directly in vivo, as we have shown with this substudy cohort. In
the Gl tract, perturbations in CFTR-mediated bicarbonate
secretion contribute to dehydration, increased viscosity, and
adhesion of intraluminal secretions and to dysbiosis in both
the small and large intestine. Improving these perturbations by
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improving CFTR-associated bicarbonate regulation has been
hypothesized to contribute to the marked weight gain seen in
the pivotal studies of ivacaftor.>* Weight gain is a positive
outcome in this population where malnutrition is closely
associated with adverse pulmonary outcomes.

This study reports clinical outcomes in additional to regional
transit calculations. This cohort had an average weight over
1 month of 1.1 kg, which may be clinically relevant in adults
with CF even though it did not reach statistical significance
(P=0.08). We have demonstrated for the first time that
increased weight in patients taking ivacaftor occurs contem-
poraneously with increased proximal small intestinal pH in
some subjects, although we cannot prove cause and effect.
Although present in 70% of subjects, reported abdominal pain
was minimal at baseline and did not change with treatment.
We did not identify improvement or changes in the gastric
emptying, small intestinal, or whole gut transit times. Lack of
measurable transit profile differences might be attributed to the
small number of subjects enrolled or the limited time of
exposure to ivacaftor (1 month). Although small bowel transit
was noted to be slower in CF subjects compared with healthy
controls,?® we did not observe changes in small bowel motility
in the subjects in this substudy after treatment with ivacaftor. It
is possible that studying a larger cohort over a longer period of
time would identify improved small intestinal transit as noted in
comparing CF subjects to healthy age-matched control
subjects.?’ There is evidence of intestinal dysbiosis seen in
the Gl tract of patients with CF.2° Ivacaftor appears to improve
airway dysbiosis,'® possibly via improved function of
defensins.?® Increasing luminal bicarbonate might change
the microbiome of the gastrointestinal tract, but such change
might occur over a longer time period and the consequent
impact on motility might be equally delayed.

This study has several limitations, including the small
number of subjects. The rapid dissemination of ivacaftor use
in the United States shortly after its approval interfered with our
ability to achieve a target enroliment of 15 subjects. Approval
took a longer time in Canada and we were able to increase the
size of our cohort somewhat; however, we were only able to
add one additional study site. In both the United States and
Canada, all subjects were over 18 years of age because the
WMC has been approved only for use in adults; however,
the underlying pathophysiology in patients with CF is likely the
same in children and adults. Generalizability is also limited



because subjects with severe obstructive lung disease
(forced expiratory volume in 1s <25% of predicted) were
excluded. Detailed analyses of AUC at frequent, 5min
intervals were post hoc and intended as exploratory;
therefore, no adjustments for multiple comparisons were
made and P values should be interpreted as such. Although
we did not measure bicarbonate directly, in health, the
changes in pH in the lumen of the proximal small intestine
are predominantly due to bicarbonate secretion.'®'2 The AUC
measurements of the pH curve identify a significant influx of
base that we have proposed reflects bicarbonate mass.
Presuming this assumption is correct, another limitation of
this study is that the WMC cannot identify the site of proximal
small intestinal bicarbonate secretion, which may be from the
residual pancreatic duct, from the hepatobiliary tree or from
Brunner’s glands.

We have demonstrated that CFTR modulation improves the
proximal small intestinal pH profile in patients with the G551D
CFTR mutation, and we observed clinically relevant,
contemporaneous weight gain, although it did not reach
statistical significance. These data provide in vivo evidence
that CFTR is an important regulator of bicarbonate secretion,
which may be a translational link between CFTR function and
clinical improvement.
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Study Highlights

WHAT IS CURRENT KNOWLEDGE

v Mutations in the cystic fibrosis transmembrane regulator
(CFTR) gene cause cystic fibrosis (CF); ivacaftor is a
powerful potentiator of CFTR activity in patients with CF
who have the G551D CFTR mutation.

v CFTR protein has long been recognized as a chloride
channel but its role as a bicarbonate channel is emerging in
the laboratory and in animal models of CF.

v Patients with CF have delayed neutralization of gastric acid
in the proximal small intestine.

WHAT IS NEW HERE

v We use an in vivo technique to show that proximal small
intestinal pH improves after treatment with ivacaftor in
patients with the G551D CFTR mutation.

v These improvements in small intestinal pH are due to
increased bicarbonate mass.

TRANSLATIONAL IMPACT

v Measurement of small intestinal pH may be a biomarker of
improvements in CFTR-mediated bicarbonate transport as
other CFTR mutation-specific therapies are developed.

v Measurement of small intestinal pH and motility
may be a tool to help understand poor weight gain and
gastrointestinal complaints in patients with CF.
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