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Clinical outcomes and management of
cystic fibrosis (CF) have undergone
startling and dramatic advances in the last
two decades. These improvements can be
linked to the advances in CF basic science
starting with the identification of the
disease-causing gene defect (the gene
producing cystic fibrosis transmembrane
conductance regulator protein [CFTR])
to more recent animal models such
as the CF pig, that have led to an
improved understanding of the early
pathophysiologic events leading to lung
disease (1). By developing a robust clinical
trial network (the CF Foundation
Therapeutics Development Network in
the United States and Clinical Trials
Network in Europe), advances in the
laboratory have been translated into the
repurposing of existing therapeutics and
the development of novel therapeutics,
with 11 medications approved
specifically for CF in either Europe or the
United States. CF basic and clinical
research has led the way in
demonstrating how advances in the
laboratory can lead to advances in
clinical care and outcomes. Therapeutics
in CF have evolved from treating
downstream events such as chronic lower
airway infection to addressing the
primary defect in CF by modifying
mutant CFTR protein with
the approval of both ivacaftor and
ivacaftor–lumacaftor by the U.S. Food

and Drug Administration (2, 3). The CF
community is now challenged with how
to continue to advance the science in CF
to ensure that every patient with CF can
live a full and normal life free of disease.
In this Perspective, we highlight the
changing demographics of the CF
population, in addition to advances in
therapeutics and challenges we face in
continuing to improve the outcomes
of our patients.

Epidemiology and Changing
Demographics

The CF population is evolving with new
diagnostic and therapeutic practices.
Worldwide, patients with CF are living
longer, with an increasing proportion of
patients who are adults (4, 5). In the
United States, the proportion of patients
who are adults (age >18 yr) exceeded 50%
in 2014 (6). In concert with improved
survival, CF diagnosis occurs earlier in life
with universal newborn screening (NBS)
in many countries and, as of 2010, all
states in the United States (7). In 2010,
more than half (57.5%) of persons with CF
in the United States were diagnosed by
NBS (6). NBS has been linked to overall
improved health and prevention of
structural lung disease, and studies
comparing patient outcomes before and
after NBS implementation show benefits

to lung function and nutrition status (8).
In Australia, members of the AREST-CF
(Australian Respiratory Early
Surveillance Team for Cystic Fibrosis)
study group evaluated infants diagnosed
through NBS and found evidence for
inflammation and infection of the airways
as early as 3 months of age (9, 10),
highlighting the importance of early
identification and treatment for patients
with CF. Earlier age at diagnosis and
diagnosis of asymptomatic infants
through NBS has contributed to the
inclusion of a milder phenotype in recent
cohorts of patients with CF (6). NBS
appears to increase the diagnosis rate
of CFTR-related metabolic syndrome
(CRMS); this disorder describes
asymptomatic infants who have a positive
CF NBS result and indeterminate
diagnostic testing results. Using this
CF Foundation consensus definition,
1,540 and 309 infants in the U.S.
CF Foundation Patient Registry in
2010–2012 met the criteria for CF and
CRMS, respectively (CF:CRMS ratio, 5:1),
thus altering the dynamic makeup of the
CF population (11). Even before the
advent of universal NBS, the clinical
phenotype of persons with CF had
changed. Respiratory Pseudomonas
aeruginosa infection has decreased over
the past two decades with increased
emphasis on eradication (12).
Pulmonary function is known to be
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correlated with nutritional status and
with P. aeruginosa infection (13),
which may explain the mechanism of
improved pulmonary function in this
cohort.

The dynamic nature of the CF
population has been highlighted by
significant improvements in survival
(5, 14). U.S. data have demonstrated
that CF survival improved from 2000 to
2010 at a rate of 1.8%/year, and a median
survival of 56 years is projected if the
mortality rate continues to decrease at the
rate observed between 2000 and 2010 (5).
The median predicted survival in the
United States has increased from 28.9
years in 1999 to 39.3 years in 2014 (6).
Superior patient outcomes are likely
related to advances in multidisciplinary
care focused on early and aggressive
treatment of pulmonary exacerbations
(15), airway clearance, optimized
nutritional status (16), identification and
treatment of complications (17), and
promotion of medication adherence (18).
These advances in clinical care are made
possible in part by the improved
understanding of CF pathophysiology
and the development of treatments
targeting the consequences of
the underlying defect (19).

Not only has the population of
patients with CF aged, but increasing
numbers of persons with milder
phenotypes of CF have been diagnosed
through NBS (including CRMS, described
previously) and through advances in
genotyping of CFTR mutations. In subjects
with CF who are 40 years of age and older,
the median age at diagnosis has been
reported to be 48.8 years (20);
these persons are much more likely to
have a nonclassical, milder CF phenotype
(21). In addition to these changes, survival
even among patients with CF with
severe lung disease (defined as an FEV1

less than 30% of predicted) is improving,
with median survival without lung
transplantation improving from 1.2 to
5.3 years from 1991 to 2002 (22, 23). The
rapidly changing demography of the CF
population due to NBS, nutritional
interventions, genotyping, and improved
therapies has major implications for
research. Novel therapies must bridge
the widening CF phenotype, and clinical
trials must be more sensitive to
evaluating efficacy in those with less
severe disease.

Novel Approved Therapeutics
and Drugs on the Horizon

Historically, CF therapies were centered on
controlling symptomatic complications
from the loss of CFTR protein function
(18). More recently, emphasis has turned
to precision medicine for tailoring
individual patient-driven therapies to
improve outcomes (24), and several new
therapeutic agents have been approved or
are currently being studied for individuals
with CF. The approval of CFTR
modulators and potentiators, for example,
underscores the potential for novel
therapeutics targeting the underlying
CFTR defect. These therapies can largely
be broken down into mutation-specific
agents or mutation-agnostic treatments
that aim to restore normal function
regardless of the specific CFTR defect.
Clinical trials are also currently underway,
examining additional treatments focused
on lung inflammation, chronic lung
infection, and pancreatic enzyme
replacement therapy.

CFTR-based Therapeutic
Approaches

To date, more than 2,000 disease-causing
and benign CFTR mutations have been
described (25). A classification system was
created on the basis of the molecular
mechanisms of each mutation contributing
to CFTR dysfunction (26); although

simplistic (with several CFTR mutations
spanning multiple classes), this system is
relevant to therapeutic strategies aimed at
restoring normal CFTR function
(Figure 1). The six classes are as follows:
class I (no CFTR synthesis/nonsense
mutations), class II (premature protein
degradation), class III (protein
dysregulation/gating mutations), class IV
(decreased channel conductance), class V
(decreased production), and class VI
(destabilization of CFTR at the cell
surface). Thus far, therapies targeting class
I–IV mutations have been produced with
varied results. As therapies evolve, a more
complex system may be required.

The first major breakthrough to
address the basic defect in CF came for those
patients with class III mutations. Although
class III mutations account for only
approximately 5% of the CF population
worldwide, the most promising mutation-
specific therapy (ivacaftor, a CFTR
potentiator) has demonstrated significant
clinical benefit (27). Ivacaftor improves
chloride transport through CFTR channels
by increasing the channel open probability
(or gating) at the cell surface (28). In
patients with the G551D mutation (the
most common class III mutation) on at
least one CFTR allele, ivacaftor was
associated with improvements in lung
function in as early as 2 weeks that were
sustained at the end of the trial (48 wk) (2).
Reductions were also seen in pulmonary
exacerbations, patient-reported respiratory
symptoms, and concentration of sweat
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Figure 1. Classes of cystic fibrosis transmembrane conductance regulator protein (CFTR)
mutations. Note that class VI is not included in this figure. Adapted by permission from
http://www.umd.be/CFTR/W_CFTR/gene.html with initial adaptation from Welsh and Smith
(26) and Scriver and colleagues (63). Reprinted from Reference 6, by permission from the
Cystic Fibrosis Foundation.
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chloride (2), and children aged 6–11 years
with a G551D mutation also experienced
improvements with ivacaftor in pulmonary
function, weight, and CFTR activity (29).
Additional work demonstrated significant
improvements in lung function, body mass
index, sweat chloride, and CF quality-of-life
scores in patients with a non-G551D gating
mutation (30), although marginal effects
were seen in those with the class IV altered
conductance mutation R117H (31).
Assessments of physiological effects of
ivacaftor postapproval note that ivacaftor
restores mucociliary clearance, normalizes
duodenal pH, and has been associated with
a reduction in culturing P. aeruginosa in
patients with G551D mutations (32, 33).

Class II defects are found in 90% of
patients with CF, and result in synthesis of
immature CFTR protein and inappropriate
release from the endoplasmic reticulum
(34). F508del, the most common CFTR
mutation, leads to rapid protein
degeneration and minimal if any protein
presence at the plasma membrane (24).
Ivacaftor alone was not efficacious in
patients homozygous for the F508del
mutation (35), likely reflecting its
mutation-specific effects. The CFTR
corrector lumacaftor was developed
specifically to repair this defect by
increasing functional CFTR protein at the
cell surface. Lumacaftor restores protein
function in human F508del homozygous
epithelial cells in vitro (36), and the
combination therapy lumacaftor–ivacaftor
was shown to moderately benefit patients,
aged 12 years and older, with homozygous
F508del CF despite in vitro evidence that
the combination has a limited physiological
effect in airway epithelial cells (37, 38).
Citing a 2.6–4.0% improvement in FEV1

percent predicted and a reduction in
pulmonary exacerbations by 30–39% (3),
on July 2, 2015, lumacaftor–ivacaftor was
approved by the U.S. Food and Drug
Administration in this population. VX-661,
another investigational CFTR corrector, has
shown activity in phase 2 trials, and
preliminary data indicate improvements in
lung function and sweat chloride.
Investigators are currently enrolling
patients at least 12 years of age and either
heterozygous or homozygous for the
F508del mutation in several phase 3 trials
exploring VX-661 in combination with
ivacaftor (NCT02516410; NCT02392234;
NCT02412111; NCT02508207). The arrival
and approval of these latest CF treatments

is not without controversy. The high cost of
care coupled with marginal clinical benefit
in those with the R117H or F508del
mutation has led to restricted access for
some, based on third-party insurers’
reluctance to pay for the drug.

Class I mutations are responsible for
approximately 10% of CF cases worldwide,
and up to 60% of cases in Israel (39). These
nonsense mutations arise from premature
stop codons that disrupt ribosomal
translation of the CFTR protein. Preclinical
evaluation of a new drug identified by high-
throughput screening (ataluren, or
PTC124), using a CF mouse model, found
that functional CFTR could be generated in
a nonsense mutation (40). Ataluren was
shown to improve mechanistic markers of
CFTR function. In addition, although a
phase 3 trial found no overall change in
lung function or pulmonary exacerbations,
a post hoc analysis of patients receiving
ataluren and not using inhaled tobramycin
found improvements in both clinical
measures (41). At present, a phase 3 trial of
ataluren is underway in patients with CF
not receiving aminoglycoside antibiotics
(NCT02139306).

Non–CFTR-based
Therapeutic Approaches

Whereas the goal of CFTR modulation is to
restore CFTR function in a mutation-
specific fashion, mutation-agnostic
techniques—including gene therapy and
gene editing—aim to provide patients with
CF with wild-type CFTR. These treatments
should be effective irrespective of CFTR
mutation. After the discovery of the CFTR
gene in 1989, numerous gene therapy
clinical trials have been performed, with
minimal direct clinical benefit established
(42). However, rather than emphasizing
clinical end points, these early studies were
performed primarily to illustrate the clinical
safety and proof of concept for gene
therapy/editing techniques. Interestingly, a
phase 2b study used repeated nebulization
of nonviral vectors to deliver the CFTR
gene to respiratory epithelial cells and
found a small but significant improvement
in FEV1 (3.7%) in the treatment group
compared with placebo that was sustained
for 12 months (43). This study not only
illustrated potential clinical benefit, but also
provided in vivo, proof of principle for
further nonviral vector studies.

Genome-editing techniques have also
showed promise in permanently correcting
the CFTR mutation. Zinc finger nuclease
homology-directed repair works by
correcting mutations in the coding region of
the CFTR gene by creating a double-
stranded DNA break upstream of the defect
and combining it with wild-type CFTR
DNA (44). This approach has led to wild-
type CFTR expression in vitro as well as
restoration of CFTR chloride channel
function in human bronchial epithelial cells
(45). Another genome-editing system,
CRISPR (clustered regularly interspaced
short palindromic repeats)–Cas9 (CRISPR-
associated protein 9), allows for DNA
cleavage in a sequence-specific manner and
homologous recombination with a
corrected endogenous CFTR locus. Lung
epithelial cells with abnormal CFTR protein
modified by the CRISPR–Cas9 technique
demonstrated recovered function and
expression of CFTR (46). Although
exciting, advances in gene therapy and gene
editing require further study (e.g., to ensure
efficient and adequate drug delivery to
diseased and obstructed airways) and also
expose important ethical issues that must
be addressed before clinical use.

Another innovative, non–CFTR
mutation–specific therapeutic approach to
treating the basic defect in CF is the use of
epithelial sodium channel (ENaC)
inhibitors. ENaC is a sodium epithelial
channel that is hyperactive in CF airways
and contributes to increased sodium
resorption, a decreased periciliary liquid
layer, and stickier airway surface liquid that
contributes to mucus stasis and airway
obstruction (47). The goal of ENaC
inhibitors is to reverse this process.
Amiloride was the first sodium channel
blocker tested, and although it had been
shown to improve the rheological
properties of mucus, a randomized, double-
blind, placebo-controlled trial using
nebulized amiloride in patients with CF
failed to show improvement in lung
function or secondary study end points
(48). Additional ENaC inhibitors, including
P-1037 (NCT02343445) and GS-9411
(NCT00999531), are being developed, and
investigations into molecular regulators of
ENaC function uncovered an ENaC
modulator that showed inhibition of the
protein diglyceride kinase 1 that decreased
ENaC activity and normalized sodium and
fluid absorption in CF airways. Excessive
blocking of ENaC function can lead to
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unwanted consequences, including fluid
accumulation in the lungs and subsequent
pulmonary edema (49), and thus any
potential future therapeutic agent targeting
the ENaC sodium channel to normalize
airway surface liquid needs to address this
issue.

Last, clinical trials are underway
investigating additional treatments targeting
lung inflammation, chronic lung infection,
and nutrition, and it is hoped that several of
these studies will be completed by the end of
2016. These novel therapeutics—although
encouraging with respect to their clinical
benefits—should be added on rather than
substituted for the chronic CF therapies
(including airway clearance, mucolytics,
and inhaled antibiotics) shown to be
beneficial in CF. For example, no studies
have evaluated the effectiveness of CFTR
modulators compared with recommended
therapies for the maintenance of health,
and until future studies address these
concerns, adherence to previously
established CF treatment regimens remains
paramount.

Challenges to Clinical Trial
Design for Future
Therapeutics

The changing landscape of CF
demographics, prognosis, and therapies
presents unique challenges for conducting
clinical research. The classic randomized,
double-blind, placebo-controlled trial has
been, and is, the gold standard for
demonstrating the safety and efficacy of new
therapies (50). However, the small patient
population and chronic nature of CF have
made it difficult to conduct large-size or
short-duration studies afforded other
diseases (e.g., cardiology and cancer,
respectively). Despite that, the path to
regulatory approval has been successful for
a number of therapies, in part due to the
orphan disease status designation, and
through careful study design and patient
and end-point selection. FEV1 and
pulmonary exacerbation are standard
clinical outcomes that have been used to
demonstrate efficacy in relatively efficient
(small-sized) trials—especially when
selectively recruiting patients with more
severe disease (lower FEV1 and frequent
exacerbations). Although these methods
have been successful for antiinfectives and
early CFTR modulators in CF, the

increased use of chronic CF therapies and
improved care necessitates that CF trial
design adapt to accommodate a milder CF
phenotype and settings where placebo-
controlled studies are not feasible.

Advances in CF have led to longer
median survival (5), improved lung
function, and reduced morbidities; these
advances have in turn created a challenging
environment for further development of
novel therapeutics because it is inherently
more difficult to show efficacy on clinical
measures that are nearly normal,
particularly in children with CF. For this
setting, and specifically for future CFTR
modulators that may show only modest
improvements in the short term over
currently approved correctors and
potentiators (3), sensitive outcome
measures and investment into the
development of robust biomarkers will be
instrumental. Relying on subtle long-term
changes in clinical measures (FEV1 rate of
decline over 1 yr or longer) can be
financially prohibitive and tax patient
resources and their ability to participate in
other trials. To speed drug development, it
is critical to validate markers of mechanism
of action through large-scale bridging
studies to promote these biomarkers to
surrogate end-point status (51). Either as a
biomarker or surrogate, robust measures of
mechanism of action in CF such as sweat
chloride, inflammation, or lung injury
(measured by multiple breath washout or
lung imaging [52]) can enrich trials and
move novel therapeutics to approval more
safely and quickly. International
collaborations between academic
investigators, philanthropic foundations,
private industry, and regulatory agencies
will facilitate progress by synthesizing
registry and trial data sources, sharing
biospecimens, and finding creative
solutions to speed registration trials safely
and effectively.

The increasingly complex regimen of
chronic CF therapies (53, 54) and
comorbidities that require supplemental
care (e.g., liver disease, CF-related diabetes,
and osteopenia) make tightly controlled
trials for approval and registration more
difficult to conduct because of the
underlying medical complications that
could exclude patients from enrollment.
The escalation of underlying standard of
care in CF limits the broad applicability of
placebo-controlled efficacy trials (55). A
postapproval study of continuous

alternating therapy of inhaled aztreonam
and tobramycin versus inhaled tobramycin
and placebo was stopped early because of
enrollment difficulties in a patient
population increasingly managed with
multiple inhaled antibiotics; patients and
their providers were reluctant to participate
in a placebo-controlled trial, potentially due
to concerns about worsening symptoms
and lung function in the absence of inhaled
antibiotics (56). Comparative effectiveness
research is an appealing alternative to
traditional controlled trials aimed to answer
clinical questions through pragmatic trials
with limited inclusion/exclusion criteria, or
via observational data such as patient
registries (57, 58). However, such trials
cannot replace initial efficacy studies. In
addition, comparative effectiveness
research studies involving registry data
or observational studies can be fraught
with indication bias, and patient and
physician perceptions can be difficult
to overcome even when there is little
evidence supporting the current standard
of care (15).

Creative solutions are needed to
counter the current and future challenges of
conducting clinical research in CF and
moving novel therapeutics from bench to
bedside. Biomarker and end-point
development and the increased
implementation of pragmatic research are
only two pieces of the puzzle. Inventive
study designs that might include
randomized withdrawal (59) or adaptive
treatment algorithms will need to be more
seriously considered to meet the efficiency
needs of CF therapeutic development
(60); thus, investigators, data safety
monitoring committees, and sponsors need
to become more versed in the nuance of
these complex study designs. To date, CF
studies are increasingly implementing
formal group sequential stopping rules to
improve the safety and ethics of ongoing
trials and decrease the average sample size
of trials. N-of-1 study designs provide a
unique opportunity to apply patient-centric
“precision medicine” to rare CFTR
mutations that might otherwise be excluded
from larger scale clinical trials (61); such
studies can be pooled and leveraged for
population-level inference in addition to
their application in individual patient care
decisions. The participation rate in clinical
trials is high among those with CF (62),
and patient, family, and physician
engagement in therapeutic trials is highly
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encouraged and valued in the CF
community. With equipoise, preparation,
and innovation the potential obstacles to
conducting clinical trials can and will be
overcome to continue delivering safe, life-
improving therapies to those with CF.

Conclusions

The clinical presentation and natural history
of CF are rapidly evolving. These changes

are clearly due to advances in care over the
last 20 years. None of the advances we have
seen so far in CF clinical outcomes have
included the host of novel therapeutics
entering the CF armamentarium. One can
already envision CF transitioning from a
childhood illness to a chronic illness of
adulthood. Novel therapeutics in CF have
been transformative, demonstrating how a
commitment to basic science can translate
into therapeutic advances. Without the

initial investment into understanding the
underpinnings of a disease, advances in
therapeutics are unlikely to follow. The
future is bright for both patients with CF
and their families. To continue to make
advances that address the primary defect in
CF, we are going to need to be both smarter
and more agile in our design of clinical
trials. n

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