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Cystic Fibrosis Therapeutics
The Road Ahead

Ahead of the Curve
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A great deal of excitement and hope has followed the successful trials and US Food and Drug
Administration approval of the drug ivacaftor (Kalydeco), the first therapy available that targets
the underlying defect that causes cystic fibrosis (CF). Although this drug has currently demonstrated
a clinical benefit for a small minority of the CF population, the developmental pathway established by
ivacaftor paves the way for other CF transmembrane conductance regulator (CFTR) modulators
that may benefit many more patients. In addition to investigating CFTR modulators, researchers are
actively developing numerous other innovative CF therapies. In this review, we use the catalog of
treatments currently under evaluation with the support of the Cystic Fibrosis Foundation, known
as the Cystic Fibrosis Foundation Therapeutics Pipeline, as a platform to discuss the variety of can-
didate treatments for CF lung disease that promise to improve CF care. Many of these approaches
target the individual components of the relentless cycle of airway obstruction, inflammation, and
infection characteristic of lung disease in CF, whereas others are aimed directly at the gene defect,
or the resulting dysfunctional protein, that instigates this cycle. We discuss how new findings from
the laboratory have informed not only the development of novel therapeutics, but also the rationales
for their use and the outcomes used to measure their effects. By reviewing the breadth of candi-
date treatments currently in development, as well as the recent progress in CF therapies reflected
by the evolution of the therapeutics pipeline over the past few years, we hope to build upon the
optimism and anticipation generated by the recent success of Kalydeco.
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Abbreviations: CF = cystic fibrosis; CFTR = cystic fibrosis transmembrane conductance regulator; FDA = US Food
and Drug Administration; TIP = TOBI inhaled powder

n 2009, a review publication described the “pipe-

line” of candidate treatments then under evaluation
for cystic fibrosis (CF).! The authors identified > 24
drugs and other therapies that were in various stages
of development for CF as part of a remarkable, col-
laborative therapeutic development system entirely
devoted to this disease. The cooperative efforts of
patients and their families, private and public funding
agencies, patient advocacy groups, academia, and
industry had generated this formidable catalog of
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therapies, of diverse types and targets, and the prom-
ise offered by this list was clearly evident in the text.
Six treatments had already traversed this pipeline,
clearing all obstacles to become available to patients,
and the remaining candidates fell into eight different
categories, from those targeting bacteria and mucus
to nutritional interventions, all showing promise for
improving or extending the lives of people with CF.
However, among the dozens of remaining candidates,
the two that received the most attention were orally
available, small-molecule drugs targeting the protein
mutated in CF, the CF transmembrane conductance
regulator (CFTR).

This excitement has now proven to be warranted:
This year one of those compounds, the CFTR modu-
lator ivacaftor (Kalydeco), was approved by the US
Food and Drug Administration (FDA) for adminis-
tration to people with a specific CFTR mutation
(G551D), thus becoming the first available treatment
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to directly address the underlying defect in CF.2
Although the missense CFTR mutation G551D is pre-
sent in fewer than 5% of people with CF;}* the suc-
cessful trial* and approval of Kalydeco has generated
excitement and hope among people who care about
this disease.

At this moment of tremendous excitement, it is
easy to lose sight of the rest of the development pipe-
line.2 The drugs that it describes include inhaled
tobramycin (TOBI) and aztreonam (Cayston), azithro-
mycin, dornase alfa (Pulmozyme), hypertonic saline,
pancreatic enzyme products (including Ultresa, Zenpep,
Pancreaze, Viokace, Pertzye, and Creon),? and fat-
soluble vitamin preparations, all of which have already
had a tremendous impact on the quantity and quality
of life of people with CF. Beyond these available medi-
cations, new therapies are under evaluation that will
likely improve and extend the lives of individuals
with CF, regardless of the impact of CFTR-targeted
compounds. People who already have CF lung dis-
ease, and those for whom effective CFTR genotype-
specific compounds are not yet available, need better
antibiotic, antiinflammatory, mucus-altering, and nutri-
tional therapies, among others; some may need trans-
plantation. Recent advances in cell- and gene-based
techniques have also revived interest in genetically
repairing (rather than chemically restoring) CFTR
function. In this review, we focus on these promising
therapies in development specifically for CF lung
disease, with reference to those currently in use. In
summarizing what is to come, we hope to show that
the excitement generated by Kalydeco promises to
be just the beginning of a new era in the field of CF
therapeutics.

WHAT LIES AHEAD

The pathophysiology of CF lung disease is known
to involve self-perpetuating cycles of airway obstruc-
tion, infection, and inflammation,$ as illustrated at
the bottom of Figure 1. Accordingly, many current and
candidate treatments directly target one or more of
these pathophysiologic elements; for example, there
are multiple therapies currently addressing airway
infections, inflammation, and airway mucus rheology.
More encouraging are novel therapies, including
CFTR modulators and airway cell genetic modifi-
cation strategies, that transcend the usual categories
by impacting the entire pathophysiologic cycle in
Figure 1 by acting further upstream. In this article,
we briefly describe some of the therapies in the
advanced stages of development in each of these
interrelated categories, largely restricting our dis-
cussion to therapies to prevent or treat CF lung dis-
ease for which there are published data from at least
phase 2 studies (or, in specific cases, phase 1) and
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FIGURE 1. A model for cystic fibrosis (CF) lung disease patho-
physiology. According to this model, defective ion and fluid trans-
port due to CFTR mutation results in inadequate clearance of
mucus and the material it traps in CF airways. The retained mate-
rial results in a cycle of airways obstruction, inflammation, and
infection. The current and candidate therapies discussed in this
review target one or many of these pathophysiologic steps, and
therapies addressing the earliest steps would be expected to impact
all subsequent elements. CFTR = cystic fibrosis transmembrane
conductance regulator.

that are currently in the Cystic Fibrosis Foundation
Therapeutics Pipeline.?

Infection Treatments

The candidate drugs that remain on the current
development pipeline include a new preparation of
inhaled tobramycin, an inhaled fluoroquinolone, an
inhaled antibiotic combination, and a new inhaled
aminoglycoside.2 TOBI inhaled powder (TIP) is a new,
high-potency formulation of tobramycin designed to
deliver to the lung amounts of this aminoglycoside
that are pharmacologically similar to TOBI but with
substantially shorter administration time. TIP recently
completed phase 3 studies, and it has been approved
in the European Union.? Phase 4 studies of TIP are
ongoing in the United States and Europe. An inhaled
liquid preparation of a fluoroquinolone, levofloxacin
(Aeroquin), is currently in phase 3 trials and has shown
promise.” The phase 2 study reported an 8.7% improve-
ment in FEV, and an approximately 1-log decrease in
density of Pseudomonas aeruginosa compared with
placebo following 28 days of administration of 240 mg
bid by inhalation.
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Two additional antibiotic preparations given by
the inhaled route, each using an aminoglycoside, are
also in development. Arikace is a liposomally encased
preparation of amikacin, providing sustained release

and rapid delivery times. Arikace has completed phase 2

trials,28 reporting relative improvement in FEV, of

10.8% at 7 days with 500 mg inhaled once per day,
and a phase 3 trial will soon be recruiting subjects
with CF and P aeruginosa.® Another trial not spe-
cifically for patients with CF is also listed for subjects
with nontuberculous mycobacteria and is recruiting.'°
A combination of the phosphonic acid antibiotic fos-
fomycin with tobramycin has also completed phase 2
trials'' and shows promise as the first combination
inhaled antibiotic preparation being investigated for
CF. Another unique feature of the inhaled fosfomy-
cin/tobramycin combination is its relatively broad spec-
trum, which, viewed through the constantly shifting
lens of CF microbiology, may be beneficial to patients
with multiple infecting organisms.

The evolving issue of CF microbiology merits deeper
discussion here. A relatively recent development in
CF microbiologic research has interesting implications
for the development of current and future antiinfec-
tive treatments. By using new DNA-based, culture-
independent methods, microbiologists have found
that CF airway secretions (particularly those from
younger patients) tend to contain many more micro-
bial species than had been appreciated using standard
clinical microbiologic laboratory culture methods.!>4
These findings have further extended an already
growing list of “emerging CF pathogens,” raising ques-
tions not only about exactly which microbes con-
tribute to CF lung disease, but also about how the
complex CF sputum microbial communities respond
to antibiotics currently in use and under evaluation.'
For example, the combination antibiotic therapy fos-
fomycin/tobramycin could provide additional benefit
beyond its effect on P aeruginosa because the broad
spectrum of fosfomycin, a phosphonic acid antibiotic,
also targets gram-positive (including methicillin-
resistant Staphylococcus aureus) and anaerobic bac-
terial species.!! Similar discussions may be expected
in future antibiotic trials, and sequence-based micro-
biologic outcomes may also become commonplace
both in studies and in the clinic.

The remarkable persistence of chronic CF lung infec-
tions despite intensive antibiotic therapy has inspired
some innovative approaches that also warrant mention.
One example is an ongoing safety and efficacy (phase 1)
study of IV gallium nitrate (Ganite).'s The gallium ion
is chemically similar to iron, allowing it to substitute
for iron ions and inhibit iron-dependent bacterial pro-
cesses. One of the processes altered by gallium is
the formation of biofilms,!7 multicellular structures
established by many microbes that are particularly
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resistant to antibiotic killing and host immunity.'s
Gallium has been shown to increase the efficacy of
existing antibiotics' and to have antimicrobial activity
itself.’” Novel approaches such as these may greatly
expand the armamentarium available to physicians
for treating many chronic infections, including those
in CF airways.

Antiinflammatory Treatments

Only one antiinflammatory drug (the nonsteroidal
agent ibuprofen) has thus far demonstrated efficacy
with an improvement in rate of decline in FEV, over
a 2-year period® and a favorable risk profile; it is,
therefore, recommended as a beneficial therapy for
patients 7 to 18 years of age.?! Development of anti-
inflammatory therapies in CF has been challenging
because their mechanism of action may be to prevent
long-term clinical decline rather than to effect acute
changes in more commonly used clinical outcome
measures, such as lung function or frequency of pul-
monary exacerbations. Thus, detection of clinical ben-
efit requires studies of long duration and significant
sample size,? often discouraging the development
of potential antiinflammatory therapies in this popu-
lation. Despite these challenges, several therapies have
currently passed into the phase 2 stage listed on the
2012 Cystic Fibrosis Foundation pipeline.> Three
examples include N-acetylcysteine, docosahexenoic
acid, and sildenafil.

N-acetylcysteine is an oral antioxidant medication
that has been shown in one phase 2 trial to impact
inflammatory measures in patients with CF and base-
line inflammation, an effect hypothesized to occur
by addressing a redox imbalance in neutrophils.?> A
recent phase 2b clinical trial of N-acetylcysteine did
demonstrate an effect on lung function, but the effect
on inflammation was not reproduced.? Similarly, doco-
sahexaenoic acid is an omega-3 fatty acid that demon-
strated antiinflammatory activity in a short clinical
trial in 20032* and has completed a phase 2 trial among
infants; results are forthcoming. A phase 2 trial of
sildenafil is currently evaluating the effect of this oral
phosphodiesterase inhibitor on markers of airway
inflammation.2

Although the agents mentioned comprise those
described as “antiinflammatory” drugs in the current
pipeline, it could be argued that other medications
under investigation or already in use have signifi-
cant antiinflammatory effects. For example, although
azithromycin is commonly considered to be an anti-
biotic, this macrolide also demonstrates substantial
impacts on inflammation both in vitro® and in clinical
trials?6; more than one review article has even referred
to azithromycin as among the most promising anti-
inflammatory therapies for CF.27% Similarly, a recent
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review in the Journal of Cystic Fibrosis underscored
the effect of the mucolytic agent dornase alfa on
markers of inflammation; this discussion highlighted
how difficult it can be to firmly categorize therapeutic
agents as antiinfective, antiinﬂammatory, Or muco-
lytic, among other classes.?® In addition, it seems
likely that treating CFTR dysfunction directly with
novel agents like Kalydeco will prove to have a sig-
nificant impact on airway inflammation.

Mucus Alteration and Airway Surface
Liquid Modulation Therapy

The ion and fluid transport abnormalities that result
from CFTR mutations play key roles in initiating
and/or perpetuating the cycle of airway obstruction,
inflammation, and infection (Fig 1). Therapies that
alter either the rheologic properties of the notori-
ously tenacious mucus (termed “mucus alteration”)
that obstructs CF airways® or the abnormal fluid and
electrolyte properties of CF airway surface liquid
(termed “airway surface liquid modulation”) could
break that cycle by relieving airways obstruction and
facilitating removal of toxic, proinflammatory material.
As shown in Figure 2.2 two such treatments are cur-
rently available (Pulmozyme and hypertonic saline),

and two candidate treatments (Bronchitol and Gilead
GS9411) are in development.

Pulmozyme, which received FDA approval in
19943132 is currently used as chronic daily therapy by
81% of patients with CF who are older than 6 years in
the United States.® Chronic administration of hyper-
tonic saline (7% solution) was demonstrated in 200634
to significantly decrease the rate of pulmonary exac-
erbations. It is not an FDA-approved therapy, yet it
is currently used by 51% of patients with CF who are
older than 6 years in the United States.?

Bronchitol is an inhalable preparation of powdered
mannitol, an osmotic agent that is designed to rehy-
drate CF airway secretions. Multiple phase 3 trials
have now taken place.?>36 One study completed in
the United States demonstrated a relative improve-
ment in FEV, of 3.75% compared with control sub-
jects (P<<.03),> whereas a second international study
found a relative improvement of 92.9 mL (P <.001)%
compared with control subjects. Bronchitol has been
approved for treatment of CF lung disease in Austra-
lia, and approval is being sought in both Europe and
the United States.2

Gilead GS9411 is an agent designed to inhibit air-
way sodium absorption, which has been shown to be
dysregulated in CF epithelial cells in vitro.*” A phase 1
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FIGURE 2. The Cystic Fibrosis Foundation Therapeutics Pipeline as it currently stands. These are CF
therapies in various stages of development with the support of the Cystic Fibrosis Foundation. The ther-
apies discussed in this article are those under the categories labeled “CFTR Modulation,” “Restore Airway
Surface Liquid,” “Mucus Alteration,” “Anti-inflammatory,” and “Anti-infective” and for which there are
published phase 2, and in certain cases phase 1, data available. See Figure 1 legend for expansion of abbre-
viations. (Reprinted with permission from the Cystic Fibrosis Foundation; interactive version available.2)
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trial has been completed for this agent in people with
CF; results are awaited.2

Stem Cell and Gene Therapy Treatments

Since the gene for CFTR was identified in 1989,35-40
the CF research community has maintained great hope
for a therapy that will correct the underlying defect
through genetic manipulation. Gene therapy was, and
remains, an attractive approach. However, this method
has proven to be extremely challenging for a variety
of reasons, not the least of which are the robust bar-
rier, immune, and clearance functions of the airway,
the primary target organ for most of these tech-
niques. The difficulty of gene therapy is reflected by
the variable results of the 25 CF gene therapy trials
performed to date.! As a result, no current gene ther-
apy trials are actively enrolling patients. The gene
therapy field has appropriately gone “back to the
drawing board” to develop novel approaches before
recommencing human studies.

In a recent review of laboratory advances in this
area, Oakland et al*' described the variety of both
gene therapy and cell-based approaches that show
promise for treating CF in the near future. Among
these developments is the identification of stem cells
that are capable of differentiating into respiratory
epithelia. Results from in vitro and animal work are
encouraging in this area, but these fields remain in
early stages, and substantial improvements in cell
delivery and engraftment are required to develop truly
effective therapies.*! Fortunately, a recent advance in
CF research that promises to accelerate the develop-
ment of potential cell- and gene-based treatments is
the availability of two new CF animal models, a CF
pig*2 and a CF ferret,® that replicate CF lung disease
more faithfully than do murine models. These models
offer not only new opportunities to study lung disease
pathophysiology, but also new systems to test candi-
date treatments.

Small-Molecule CETR Modulators

Candidate drugs in this promising class of agents
are further divided into three therapeutic categories:
one CFTR “potentiator,” two CFTR “correctors,” and
another agent that promotes ribosomal read-through
of nonsense mutations. Each of these agents has ther-
apeutic potential for a specific patient population.

Kalydeco (ivacaftor, referred to in the Introduction)
is an oral CFTR “potentiator,” signifying that it
increases chloride transport by CFTR molecules that
are already on the epithelial cell surface.* The target
clinical population and its CFTR mutations were
described earlier. The results of a successful phase 3
trial were published in 2011,* demonstrating a
10% improvement in FEV, by 2 weeks that was
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sustained for 48 weeks. Clinically significant improve-
ments in the frequency of exacerbations, weight gain,
and respiratory symptoms and a decline in sweat chlo-
ride were noted. In January 2012, this agent became
the first drug that targets CFTR itself to become
available to patients.? Although Kalydeco monother-
apy has demonstrated efficacy for a limited fraction of
patients with CF, it is hoped that it may be useful when
combined with other therapies in the many patients
with CF and other mutations.

This idea underlies a second approach using
Kalydeco, currently in a phase 2 trial. In this study,
Kalydeco is administered in combination with another
agent, VX-809, which is an oral CFTR “corrector.”
CFTR “correctors” are designed to facilitate the traf-
ficking of more CFTR molecules to the airway epi-
thelial surface. Although VX-809 showed efficacy
in vitro by enhancing AF508 CFTR processing and
chloride transport in cultured epithelial cells, the
effect was modest.#> Early human studies with VX-809
monotherapy indicated a small effect on the sweat
gland but no effect on lung function.* Based on in
vitro data in cultured epithelial cells, the combina-
tion of a corrector and a potentiator was hypothesized
to be more effective than either agent alone. Thus,
a VX-809/Kalydeco combination approach has pro-
gressed to phase 2 studies. Interim analysis results
from this ongoing phase 2 trial enrolling people homo-
zygous for the common AF508 CFTR mutation are
encouraging, demonstrating an 8.5% mean improve-
ment in lung function compared with placebo.247

Ataluren (PTC124) is an oral drug that permits
ribosomes to continue producing functional CFTR
protein despite the presence of premature stop codons.
These alleles comprise 5% to 10% of disease-causing
CFTR mutations worldwide, but >60% among Israeli
patients with CF, often conferring severe disease.*
Ataluren showed promise in early studies, and a mul-
tinational phase 3 trial of this agent was completed
in 2011. The results of this trial were presented at the
2012 European CF conference, as described in a com-
pany press release.* There was a 3% difference in
relative change in FEV, from baseline compared with
placebo at 48 weeks (the study’s primary end point),
which did not reach significance (P> .1).

CONCLUSION

The past 20 years have transformed the field of CF
treatment so that changing the course of this fatal
illness is becoming a reality. The view of the road
ahead has never been so encouraging in CF thera-
peutics, and there is cause for unprecedented optimism
for anyone who cares for people with this devastating
disease. In the next decade, it is likely that both a
CFTR potentiator (Kalydeco) and at least one CFTR
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corrector may be available for the majority of patients
with CF. These drugs have a high likelihood of slow-
ing the rate of progression of lung disease. With the
added benefit of existing therapies such as Pulmozyme
and hypertonic saline, it is likely that most patients
will soon be able to maintain normal lung function
and nutritional status well into adulthood. The course
of lung infection may similarly change, with delayed
establishment of chronic infections with pathogens
such as P aeruginosa. Newer antimicrobial approaches
will focus on disarming these pathogens before they
can establish structures associated with persistence,
such as biofilms. The airway will be considered an inte-
grated microbial community, rather than the domain
of a few key pathogens, with a focus on maintaining
a healthy ecologic balance. Because future therapies
will aim to prevent, rather than improve, existing organ
damage, one future challenge will be developing bet-
ter measures of early organ dysfunction well before
patients become symptomatic. Armed with important
insights from newborn screening programs in Australia,
we have a better understanding of the very earliest
changes that occur in the infant lung 552 From these
observations, early biomarkers that identify previously
undetectable regional changes will become available,
enabling physicians to more closely monitor the pro-
gress of disease and deliver tailored, individualized
therapy to those who need it most.
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