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Abstract

The effects of cystic fibrosis (CF) transmembrane conductance
regulator (CFTR) modulators on lung function, pulmonary
exacerbations, and quality of life have been well documented.
However, CF is amultiorgan disease, and therefore an evidence base is
emerging on the systemic effects of CFTR modulators beyond the
pulmonary system. This is of great clinical importance, as many of
these studies provide proof of concept that CFTR modulators might
be used one day to prevent or treat extrapulmonary manifestations
stemming from CFTR dysfunction. In this concise review of the
literature, we summarize the results of key publications that have
evaluated the effects of CFTR modulators on weight and growth,
pancreatic function, the gastrointestinal and hepatobiliary systems,

sinus disease, bone disease, exercise tolerance, fertility, mental health,
and immunity. Although many of these studies have reported
beneficial extrapulmonary effects related to the use of ivacaftor (IVA)
in patients with CF with at least one gating mutation, most of the
evidence is low or very low quality, given the limited number of
patients evaluated and the lack of control groups. Based on an even
smaller number of studies evaluating the extrapulmonary effects of
lumacaftor-IVA, the benefits are less clear. Although limited, these
studies may provide the basis for future clinical trials to evaluate
CFTR modulators on the extrapulmonary manifestations of CF.
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Cystic fibrosis (CF) transmembrane
conductance regulator (CFTR)
modulators represent a paradigm shift in
the treatment landscape of CF (1). The
effects of CFTR modulators on respiratory
function, pulmonary exacerbations, and
quality of life have been well documented,
as these important clinical endpoints
form the basis for regulatory agency
approval (2). However, CF is a
multiorgan disease, and therefore an
evidence base is emerging on the effects

of CFTR modulators beyond the pulmonary
system, which is important both clinically
and scientifically. Targeted CFTR therapy
provides a unique opportunity to study the
pathophysiology of CF and further our
understanding of CF as a multisystem
disease. In this concise review, we have
systematically reviewed the literature to
summarize the extrapulmonary effects of
CFTR modulators reported to date,
recognizing that the clinical effects may vary
depending on the effectiveness of the CFTR

modulator and age group under
investigation (Figure 1).

Weight and Growth

Improvements in weight and body mass
index (BMI) are well-recognized benefits
of CFTR modulator therapy, but the
effect can be variable depending on the
mutation-specific CFTR modulator used.
Randomized, placebo-controlled trials and
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observational studies consistently
demonstrate significant improvements in
weight and BMI after ivacaftor (IVA)
treatment in patients with the G551D-
CFTR mutation (3–5). Increased BMI has
also been reported for F508del-CFTR
homozygous individuals after 24 weeks of

lumacaftor (LUM)-IVA compared with
placebo, but the effects are relatively modest
for individuals 12 years of age or older and
not significant for 6–11 year olds (6, 7).
Similarly, BMI increased in F508del-CFTR
homozygous individuals treated with
tezacaftor (TEZ)-IVA over 24 weeks, but the

changes are not significantly different from
placebo (8). Based on these results, longer-
term studies might be required to observe an
improvement in BMI with less effective
CFTR modulators.

The underlying mechanisms for weight
gain related to IVA is likely multifactorial.

CNS

Sinus
xppCRS symptom burden
and CT inflammation (Very
low quality; IVA only)

Liver
xppRisk hepatobiliary
complications* (Very-
low quality; IVA only)

GI, nutrition and
growth
xnnlinear growth (moderate
quality; IVA only)
xnnBMI (high quality;
IVA and LUM-IVA)
xppGERD (very low quality;
IVA only)
xnnGI pH (very low quality;
IVA only)
xppIntestinal inflammation
(very low quality; IVA only) Musculoskeletal

Reproductive
xPossible improvement in
fertility (very low quality;
IVA only)
xNo reports of maternal-
fetal harm (very low
quality; IVA and LUM-IVA)

Pancreas
xnnearly-phase
insulin response
(very low quality;
IVA only)
xnnmarkers of
exocrine function
(low quality; IVA
and LUM-IVA)

xppRisk of depression (very low quality; IVA only)

xreports of II complications (very low quality; LUM-IVA only)

Immunity
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only)
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IVA only)
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xnnbone density (very low quality; IVA only)

xnnexercise tolerance (moderate quality IVA
only; very low quality LUM-IVA only)

Figure 1. Cystic fibrosis (CF) transmembrane conductance regulator (CFTR)modulators and extrapulmonary effects. Reported associations between CFTR
modulator use and extrapulmonary clinical outcomes graded by quality of evidence according to the American Thoracic Society (75) with reference to the
effects of specific CFTR modulators. American Thoracic Society quality of evidence rating based on study methodology: high= randomized controlled trial
(RCT); low=well-done observational studies with control groups; moderate=downgraded RCT or upgraded observational study; very low=others (e.g.,
case reports and case series). *Hepatobiliary complications: as reported by the Cystic Fibrosis Foundation Patient Registry (CFFPR) and UK Cystic Fibrosis
Registry (CFR); the U.S. CFFPR includes gallstones, gallstones requiring surgery/procedure, liver disease (cirrhosis), cirrhosis complications (esophageal
varices, gastric varices, gastrointestinal bleed, splenomegaly, hypersplenism, and ascites), liver disease (noncirrhosis), hepatic steatosis, liver disease (other),
and abnormal liver enzymes (UK CFR only). f=psychiatric; BMI =body mass index; CNS=central nervous system; CRS=chronic rhinosinusitis;
CT= computed tomography; GERD=gastroesophageal reflux disease; GI = gastrointestinal; IVA= ivacaftor; LUM= lumacaftor; PA=Pseudomonas
aeruginosa.
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A comprehensive study of 23 children and
adults identified reduced resting energy
expenditure, decreased gut inflammation,
and decreased fat malabsorption as key
factors most contributory to IVA-associated
weight gain (9). In another study of patients
on IVA, patient perceptions of appetite,
body image, and ability to gain weight
improved based on the CF Questionnaire-
Revised (3).

Linear growth is restricted in CF, likely
due to defective CFTR-mediated insulin-like
growth factor (IGF-1) signaling coupled
with the effects of lung disease and poor
nutritional status on growth (10). Based
on the combined results of two studies
evaluating a total of 83 patients between
6 and 11 years old with at least one copy of
the G551D-CFTR gating mutation followed
for up to 12 months, IVA promoted linear
growth over 1 year (11). In adults, one study
assessed the impact of LUM-IVA on the
function of the growth hormone (GH)–
insulin-like growth factor-1 axis in a cohort
of patients with CF with GH deficiency
(GHD). LUM-IVA initiation was associated
with improved GH secretion in response to
arginine stimulation, including two cases
of biochemical resolution of severe GHD
(12). Longer-term studies are needed to
determine whether growth in treated
children and adolescents can catch up to
achieve reference standards for the general
population by adulthood.

Pancreas

Exocrine Function
Pancreatic destruction typically occurs
early in life, often in utero and, in most
cases, by 4 years of age. Consequently,
CFTR modulator therapy will most likely
need to be started early in life to prevent
the onset of pancreatic insufficiency.
However, it is believed that as little as 1–2%
of residual pancreatic function is required to
maintain exocrine pancreatic sufficiency,
raising the possibility that even patients with
borderline pancreatic insufficiency can be
rescued. As such, restoring flow of
pancreatic ductal secretions containing
pancreatic enzymes with CFTR modulator
therapy may enhance pancreatic function
(3, 13). Fecal elastase (FE)-1, a marker of
pancreatic function, increased significantly
among children aged 2–5 years, with at least
one CFTR gating mutation followed for 24
weeks on IVA (5), an observation that has

similarly been noted in several case reports
(14, 15). Furthermore, the proportion of
patients who attained an FE-1 level of
greater than 200 mg/g (a threshold that
correlates with pancreatic sufficiency) was
higher at week 24 of IVA (7 of 31, 23%)
compared with baseline (1 of 27, 4%), but
the sample size was small and the within-
group change was not statistically significant
(5). Among F508del-CFTR-homozygous
individuals treated with LUM-IVA, 3 of 48
(6%) children aged 2 to 5 years with baseline
FE-1 levels less than 100 mg/g improved to
200 mg/g or greater after therapy with
reduction back to baseline after therapy,
suggestive of transient improvement in
pancreatic function (6). However, limited
conclusions can be drawn from these
findings owing to small sample sizes,
unknown variability in FE levels over time,
and the lack of a control group. Other
markers of improved pancreatic function
have been reported, including decreased
serum immunoreactive trypsinogen, a
surrogate marker of pancreatic damage,
as well as progressive reduction in the
required weight-adjusted dose of lipase
supplementation during the course of
CFTR modulator therapy (6, 16, 17). Future
studies should continue investigating the
effect of CFTR modulator therapy on
exocrine pancreatic function and, in
particular, elucidate factors influencing
the degree of pancreatic recovery and
circumstances in which sufficiency can be
achieved (7).

In patients with mild CF disease
and residual pancreatic function,
mucous plugging of the pancreatic ducts
can lead to recurrent pancreatitis, and
therefore CFTR modulator therapy has
the potential to reduce the risk of
pancreatitis. A small retrospective study
conducted by Carrion and colleagues (18)
evaluated the frequency of pancreatitis
requiring hospitalization before and after
IVA among patients with CF and an
IVA-responsive gating mutation. This
study demonstrated a reduction in the
pancreatitis-related hospitalization rate and
decreased opioid use. Despite being a
relatively small study, this observation
suggests that CFTR modulators may
decrease episodes of pancreatitis among
individuals with CF with residual pancreatic
function, possibly via the reduction of
pancreatic ductal mucoid obstruction. This
finding is important, as there are no other
therapies available currently that can reduce

episodes of pancreatitis. Consequently,
minimizing bouts of acute pancreatitis may
prevent or delay the onset of pancreatic
insufficiency.

Endocrine Function
CF-related diabetes (CFRD) is a chronic,
progressive condition characterized by
the development of insulin insufficiency
due to progressive destruction of b islet
cells of the pancreas. Based on a large
observational analysis of joint U.S. and
UK CF registry data selected for patients
with a variety of gating mutations on
IVA, a lower prevalence and relative
risk of CFRD was observed for the
IVA-treated group compared with an
untreated control group with a similar
genotype severity (19). However, this
study did not account for potential
differences in the rates of CFRD between
groups before starting therapy, and it is
therefore difficult to conclude a treatment
effect. A few small studies and case reports
have demonstrated improvements in
glucose tolerance or reduced insulin
requirement when IVA is used in
patients with G551D and non-G551D
gating mutations, but this effect is not
observed in all patients, and one study
showed that this improvement might be
related to improved early-phase insulin
secretion (20–25). In the largest and
most detailed study performed to date
evaluating 12 patients with IVA-responsive
mutations and normal-to-mildly-impaired
glucose tolerance treated with IVA over 4
months, arginine-induced insulin secretion
(based onC-peptidemeasurement) improved,
consistent with a positive effect on b
islet cell function and possibly a
cell function as well (26). Whether CFTR
modulation is having a direct or indirect
effect on b cell function (e.g., mediated
via incretins that enhance b cell function)
remains unclear, but, collectively, these
studies suggest improvements in early
insulin response in patients with
CF with gating mutations on IVA therapy.
However, despite the possibility of a
more rapid insulin response, studies thus
far have failed to demonstrate consistent
improvement in serum glucose
or HbA1c (26, 27).

For patients homozygous for F508del
treated with LUM-IVA, there are
comparatively fewer studies, but no study
has demonstrated an improvement in
glucose tolerance or insulin secretion with
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treatment. Li and colleagues (28) examined
9 pediatric patients on LUM-IVA for a
median of 29 months and found no
meaningful difference in serum glucose
before and after treatment. However,
there was a trend toward lower amplitude
of glycemic excursion in male patients
only after treatment. When LUM-IVA
was evaluated in a small adult CF cohort over
6–8 weeks, no statistically significant
improvements in glucose tolerance or insulin
secretion were observed (27).

Intestinal Tract

Several small observational studies
suggest that effective CFTR modulator
therapy with IVA has the potential to
improve intestinal function. In a small
study by Zeybel and colleagues (29),
patient-reported gastroesophageal reflux
symptoms decreased over 52 weeks of IVA.
No objective physiologic testing was
performed, such as esophageal pH
monitoring, and therefore the mechanism
for this potential benefit of IVA is unclear.
Based on one small study by Gelfond and
colleagues (30) evaluating gastrointestinal
motility before and after IVA with a wireless
motility capsule, no change in gastric
emptying or intestinal transit time was
observed to suggest that this benefit might
be related to improved gastric emptying.
However, based on data generated from the
same cohort using a wireless motility
capsule, IVA has been shown to nearly
normalize intestinal pH via CFTR-mediated
bicarbonate secretion, and therefore this
might provide a mechanism leading
to reduced acid reflux symptoms (4).
Alkalization of intestinal pH in response to
IVA may also enhance pancreatic enzyme
function, allowing for improved intestinal
nutrient absorption. In the study by Gelfond
and colleagues (30), weight gain in patients
taking IVA was associated with increased
proximal small intestinal pH. Lastly, Ooi
and colleagues (31) have investigated
changes to the CF gut microbiota and
intestinal inflammation after IVA
treatment. They observed lower fecal
calprotectin levels reflective of reduced
intestinal inflammation, which was
associated with increased abundance of
Akkermansia, a gram-negative, mucin-
degrading bacterium, linked to reduced
intestinal inflammation. Intestinal
inflammation in CF has been associated

with small bowel pathology, including
mucosal changes that may contribute to
intestinal malabsorption, and therefore
reduced chronic intestinal inflammation
with IVA might improve nutritional status
and chronic abdominal symptoms, and
possibly even reduce gastrointestinal
malignancy risk that is increased in the CF
population, but further study is required (32).

Hepatobiliary

CF-associated liver disease is a
nonspecific diagnosis with a complex
pathophysiological presentation, including
biliary tract disease (cholangiopathy,
cholestasis, and gallbladder disease), focal
biliary cirrhosis, acute-on-chronic liver
function abnormalities, and histological
changes spanning mild steatosis to
multilobular cirrhosis with or without portal
hypertension (33). Although the mechanism
remains poorly understood, CFTR is solely
expressed by cholangiocytes lining the bile
duct epithelium, suggesting an underlying
pathology related to ductal occlusion and
downstream complications, such as biliary
cirrhosis and portal hypertension (34). To
date, investigations on the effects of CFTR
modulators on hepatobiliary outcomes
remain limited. A large observational
analysis of data from the U.S. and UK CF
registries indicated that patients treated with
IVA had lower reporting of hepatobiliary
complications (defined by gallstones, liver
disease, cirrhosis, cirrhosis complications,
hepatic steatosis, and abnormal liver
enzymes) compared with their untreated
counterparts, but a direct treatment
effect was not clearly established (19).
Furthermore, there is one case report in the
literature of a 17-year-old female (F508del-
CFTR/G551D) with findings of hepatic
steatosis on liver biopsy who experienced
complete resolution after IVA therapy
over a 2-year span (35). Although these
studies would support the notion that CF
hepatobiliary disease might be prevented or
reversed by CFTRmodulator therapy, larger
and more detailed studies are required.

Musculoskeletal/Physical
Activity

CF bone disease (CFBD) is characterized
by low bone mineral density (osteopenia
and osteoporosis) and its etiology is
multifactorial, in part due to reduced

bone formation and increased resorption
due to primary CFTR dysfunction,
pancreatic insufficiency leading to
deficiencies in vitamin D and K, which
are important for bone mineralization, as
well as increased osteoclastic bone
resorption due to systemic inflammation.
Based on a large observational analysis of
joint U.S. and UK CF registry data
selected for patients with a variety of
gating mutations on IVA, a lower
prevalence and relative risk of CFBD was
observed for the IVA-treated group
compared with untreated controls with
similar genotype profiles (19). However,
as mentioned previously here, this study
did not account for potential differences
in the rates of disease between groups
before starting therapy, and therefore it is
difficult to draw definitive conclusions from
these data. In a small series by Sermet-
Gaudelus and colleagues (36) involving
seven adults with CF with the G551D
mutation treated with IVA for a mean of
1.7 years, a significant improvement in
lumbar spine z-scores was observed,
suggesting that CFTR modulator therapy
may improve bone mineralization and
density. The mechanism of this benefit
is likely multifactorial and related to
improved nutritional status, reduced
systemic inflammation, and/or increased
physical activity levels. However, based
on data from accompanying in vitro
experiments, the authors speculated that
this benefit could be due to improvements
in osteoblastic CFTR activity leading to
reduced receptor activator of nuclear factor
k-B ligand (RANK-L) production, and,
hence, less osteoclast formation leading to
reduced bone resorption. Future studies
are required to confirm this finding.

CFTR modulators may also directly
increase exercise tolerance and physical
activity levels. In a double-blind, placebo-
controlled crossover study, Edgeworth
and colleagues (37) showed that IVA
treatment increased mean exercise
time (an indicator of fitness) during
cardiopulmonary exercise testing.
Interestingly, this occurred without a
corresponding improvement in ventilation
parameters (maximal oxygen uptake or
minute ventilation) and therefore the
improvements in exercise time on IVA
could be attributed to extrapulmonary
factors, such as enhanced skeletal muscle
function due to improved conditioning or
CFTR-related changes in cellular energetics
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or mitochondrial function. A few smaller
studies have evaluated the effects of LUM-
IVA on exercise tolerance. Wark and
colleagues (38) demonstrated that 6-minute
walk distance improved significantly among
10 F508del homozygous adults with severe
lung disease (percent-predicted [pp] forced
expiratory volume in 1 second [FEV1],
40%) treated with LUM-IVA over 1 year
compared with untreated control subjects.
Interestingly, the improvements preceded
changes in ppFEV1 for this severe lung
disease group, whereby lung function does
not vary as much with health status given
the floor effects of ppFEV1. In another study
evaluating three adult patients treated with
LUM-IVA over 2 years, improvements in
physical activity measurements and oxygen
uptake values during cardiopulmonary
exercise testing were observed compared
with baseline, and this correlated with
improved function with activities (39).

Fertility

Based on data from the CF Foundation
Patient Registry, Heltshe and colleagues (40)
reported changes in pregnancy incidence
among women with the G551D mutation
with a rate of 34/1,000 woman-years before
IVA therapy, 14.4/1,000 woman-years
during the phase-3 trials, and an increase to
38.4/1,000 woman-years after trial. The
increased incidence after trial is likely due to
a concerted effort to delay conception
during the clinical trial, recovering to a
similar rate as before IVA therapy, but it also
raises the question of whether CFTR
modulator therapy can improve fertility.
Jones and colleagues (41) highlight a series
of patients who previously required in vitro
fertilization spontaneously becoming
pregnant or having normalized menstrual
cycles after IVA treatment. The authors
theorize that this may be due to
improvement in the viscoelastic properties
of cervical secretions along with alterations
in the hypothalamic pituitary adrenal
(HPA) axis. The potential impact on
male fertility is less clear due to a lack
of studies. However, as the underlying
pathophysiology of CF male infertility is due
to congenital bilateral absence of the vas
deferens and obstructive azoospermia,
CFTR modulation is likely to have minimal
impact after fetal development.

With regard to safety, IVA is classified
as category B pregnancy risk by the U.S.

Food and Drug Administration (FDA)
despite limited safety data in humans, but
animal studies have not demonstrated
teratogenecity (42). Certainly, a handful of
reports describe unremarkable term births
while on IVA (43–47). A few case reports
also describe patients who continued on
LUM-IVA with no ill effects on the
pregnancy or infant development up to 5
months of life (48, 49). Both LUM and IVA
can cross the placenta, having been detected
in cord blood, breast milk, and infant
plasma (49). Much fewer data are available
on the safety of TEZ during pregnancy. TEZ
has been detected in the placental fluid and
breast milk of peripartum rats (50).
Although no evidence of harm has been
detected with TEZ given at 0.23 the
maximum recommended human dose in a
rabbit model, lower fetal body weights were
noted at the maximum recommended
human dose (50). How these observations
translate to human response has yet to be
determined. Consequently, TEZ is classified
as category N (pregnancy risk not assigned).

Neurocognitive Effects

CFTR is also expressed in the central and
peripheral nervous systems, with some
theorizing a wide-ranging role for CFTR
from the regulation of hypothalamic and
neuroendocrine function to modulating the
activation of peripheral nerves in the
airways and the gastrointestinal tract
(51). In vitro studies have demonstrated
affinity of IVA and its metabolites with
5-hydrozytryptaine (5HT), the 5HTT2c

receptor, the B3 adrenergic receptor, the
m-opioid receptor, and the dopamine
transporter. This translates into in vivo
improvement in immobility and increased
locomotor activity rivaling the effect of
fluoxetine in a murine depression model
(52). However, the effects in humans are less
clear. Bessonova and colleagues (19)
demonstrated a relative risk reduction
in the prevalence of depression in patients
with gating mutations treated with IVA
compared with those who did not receive
treatment, but this study did not control
for differential rates of depression before
starting therapy. However, other reports
have yielded troubling findings of
increased severity or new-onset depression,
anxiety, or bipolar disorder associated in
some with suicidal ideation and attempt
(53, 54). As CFTR modulators can alter the

pharmacodynamics of psychotropic
medications, it is possible that the worsening
of these psychiatric conditions may be
attributable to changes in the therapeutic
drug levels. However, there were a number
of reports of new-onset depression and
anxiety, which reversed in the majority of
cases once LUM-IVA was discontinued (55,
56). Therefore, although mental health
concerns have been understudied to date,
possibly in part due to the controversy of
whether these outcomes should be
considered drug-related serious adverse
events, these studies highlight the critical
need for ongoing monitoring and more
systematic and detailed mental health
evaluation.

Chronic Rhinosinusitis

Two observational studies and several case
reports have demonstrated a beneficial
association between IVA and chronic
rhinosinusitis severity. The first study noted
improved patient-reported outcomes using
the validated 20-item Sino-Nasal Outcome
Test (SNOT-20) questionnaire, with
significant improvement with respect to
rhinological symptoms (e.g., rhinorrhea,
postnasal drip, and thick nasal discharge)
and psychological symptoms (e.g., fatigue,
reduced concentration, and sadness) (57). A
smaller prospective observational study
assessed the appearance of sinus disease on
computed tomography before and after IVA
initiation. Improvement was noted in all but
one patient, whereas 4/12 patients moved
from a “severe” to a “mild” category (58).
Several case reports have noted more
dramatic improvements, including
complete reversal of chronic rhinosinusitis
(59, 60) and a complete resolution of
symptoms (61). To date, no studies have
assessed the effect of CFTR correctors
(LUM-IVA or TEZ-IVA) on sinus disease.

Immune Function

Several groups have leveraged the
opportunity to use CFTR modulators as a
tool to explore the pathophysiological
mechanisms linking CFTR dysfunction to
dysregulated immunity. These studies
suggest that CFTRmodulationmay improve
clinical outcomes by correcting dysregulated
immune function that characterize CF not
only through enhanced antibacterial
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function of leukocytes, but also through
decreased chronic inflammation. One of
the earliest ex vivo studies evaluating
neutrophils collected from patients with CF
taking IVA demonstrated enhanced
neutrophil killing of Pseudomonas
aeruginosa that was mediated through a
partially restored degranulation mechanism
(62). A more recent ex vivo study found
increased neutrophilic activity, mediated
through enhanced expression of hydrogen
voltage-gated channel-1, resulting in
increased oxidative burst in patients treated
with IVA (63). However, this effect
appeared to be transient. Interestingly, an
ex vivo study using monocyte-derived
macrophages from patients treated with
IVA also demonstrated improved
phagocytosis and killing of P. aeruginosa
(64). As the same effect was not seen in
monocyte-derived macrophages from
patients treated with LUM-IVA, it is not yet
clear if these enhancements are drug
specific, class specific, or dependent on the
extent to which the CFTR modulator
increases CFTR activity.

CFTR modulators may also have
antiinflammatory effects. One study
demonstrated reduced neutrophil–epithelial
cell binding (which may result in decreased
diapedesis) and decreased endoplasmic
reticulum stress in neutrophils isolated from
patients treated with IVA in the context of
decreased circulating levels of inflammatory
mediators (CXCL7, CXCL8, and sTNFR1)
(65). These results are consistent with the
findings of Hisert and colleagues (66) who
performed a proteomic analysis of
leukocytes from patients treated with IVA
and showed a decrease in the expression of
markers that mediate diapedesis. A more
recent study by Gray and colleagues (67)
showed increased apoptosis of neutrophils
from patients treated with IVA, an
important antiinflammatory mechanism
that disposes of toxic and damaging
neutrophils. Finally, Bratcher and colleagues
(68) demonstrated decreased circulating
inflammatory markers, as well as dampened
stimulation-induced changes in the
leukocyte inflammatory markers, CD11b
and CXCR2. Collectively, these studies
propose several mechanisms by which
CFTR modulators may decrease
inflammation. However, it is still not clear if
these findings are directly related to the
effects of CFTRmodulators on immune cells
(indeed, CFTR is expressed in leukocytes) or
if these results are secondary to improved

mucociliary clearance and reduced airway
infection leading to decreased inflammation.

Lastly, underlying abnormalities in
fatty acid metabolism predispose patients
with CF to increased production of
proinflammatory eicosanoids, including
arachidonic acid and its downstream
by-product, urine prostaglandin-E
metabolite. IVA therapy in individuals with
at least one gating mutation resulted in
significantly decreased urine prostaglandin-E
metabolite without detectable changes to the
overall fatty acid profile, suggesting a
unique mechanism by which IVA may
reduce inflammation, independent of its
effects in the lungs (69).

Miscellaneous

Several studies have reported unique and
interesting extrapulmonary effects of CFTR
modulators. One large cohort study using
U.S. CF Foundation patient registry data
showed that LUM-IVA and IVA was
associated with higher mean blood
hemoglobin levels (70). Although CFTR is
expressed in erythrocytes, it is not clear if the
increase in hemoglobin is mediated through
the direct effects of CFTR modulators on
normalizing the rates of erythrocyte
turnover, liberation of iron stores, or
reduced inflammation, leading to the
reversal of anemia of chronic disease.
Another potential benefit of CFTR
modulators may be realized outside of CF, as
LUM-IVA was shown to shorten the QT
interval on electrocardiogram in two
patients with Long QT syndrome type II (71).
Finally, one case report demonstrated
decreased aquagenic wrinkling of the palms
after initiation of IVA, a phenomenon that
occurs much quicker in patients with CF (72).

Conclusions and Future
Directions

Although the main outcomes in CFTR
modulator clinical trials have focused on
improvements in pulmonary function and
reductions in pulmonary exacerbations,
there is mounting evidence that these
medications may have significant
extrapulmonary effects as well. Should these
early findings be confirmed in larger scale
and, preferably, placebo-controlled studies,
the indication for CFTR modulators may be
expanded to treat other CF complications,

such as sinus disease, CFRD, pancreatic
insufficiency, pancreatitis, and CFBD. The
effects of CFTR modulators on other
extrapulmonary manifestations, including
distal intestinal obstruction syndrome,
nephrolithiasis, cholelithiasis, and
CF-related arthropathy, have not been
reported to date, but might be detected in
the future and should be systematically
examined, as they are important
comorbidities that impact the health and
quality of life of individuals with CF.
Furthermore, no studies to date have
evaluated the extrapulmonary effects of
CFTR modulators in the period after lung
transplant, as treatment is often stopped
after lung transplant, but certain conditions
(e.g., sinus disease and distal intestinal
obstruction syndrome) might be improved
or prevented with treatment.

In addition, as the CFTR modulator
development pipeline continues to evolve,
more CFTR modulators will be available on
the marketplace. Given that IVA was the
first CFTR modulator to receive FDA
approval, the bulk of available evidence to
date is weighted toward those with gating
mutations treated with IVA therapy. These
findings may not be generalizable across
different CFTR modulator compounds
(i.e., other potentiators, correctors, and
amplifiers) and among patients with
different CFTR or gene modifier mutations.
Indeed, the limited studies performed to
date evaluating LUM-IVA therapy has,
overall, failed to demonstrate major
extrapulmonary benefits. Baseline CFTR
function, the extent of recovery of CFTR
function after modulator, and the
pharmacokinetics of the CFTR modulator
may play significant roles in the robustness
of extrapulmonary response to CFTR
modulation. Therefore, it will be imperative
to continue efforts to study the effects of
CFTR modulator therapy, not just based on
drug classes, but also with a focus on the
various types of CFTR mutations.

Finally, the timing of CFTR modulator
initiation may also have a significant impact
on the degree of extrapulmonary response.
Earlier intervention with CFTR modulator
therapy before the establishment of
extrapulmonary disease might be able to
alter the trajectory or even prevent the
development of CF-related complications,
such as pancreatic insufficiency. However,
older patients with well-established
extrapulmonary disease might be less
responsive to CFTR modulation. For
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example, CFRD that has progressed to the
stage of requiring insulin is unlikely to revert
back to the prediabetic state. However,
insulin response might improve and insulin
requirements decrease while on CFTR
modulation. Similarly, azoospermia is
unlikely to reverse with therapy, but female
fertility might improve with CFTR
modulation through thinning of cervical
mucus. With anticipated improvements in

longevity due to CFTR modulators,
certain age-related comorbidities, such as
micro- and macrovascular complications of
CFRD, osteoporosis, and gastrointestinal
malignancy risk, might actually increase in
prevalence.

In view of the promising clinical trial
results of next-generation, triple-therapy
modulators (73, 74) and the broadening of
treatment indication by CFTR genetics and

age, more and more patients will be eligible
for CFTR therapy, giving researchers an
unprecedented opportunity to conduct
larger-scale and more rigorous studies to
better appreciate CFTRmodulator effects on
both pulmonary and extrapulmonary
outcomes. n

Author disclosures are available with the text
of this article at www.atsjournals.org.
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