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What Does CFTR Tell Us About Lung Disease?

In this Issue...

In 1989 the gene that causes cystic fibrosis (CF) was identified, an event many look at as the
beginning of modern molecular medicine. The advances continue, as our understanding of the
CF transmembrane conductance regulator (CFTR) and the mutations that cause CF become
more and more important for providers who treat CF to integrate into their practices. 

In this issue, we review published research:

studying the first large series of patients taking the drug ivacaftor, the first example of
an FDA and EU approved therapy that targets the consequence of a specific CFTR
mutation (G551D)
examining the use of ivacaftor in individuals with the F508del mutation
describing how CFTR genotype may be helpful in predicting prognosis, how genotype
may be used diagnostically, and how sometimes CFTR mutation can result in a
disease other than CF
updating the CFTR2 database, where frequently seen CFTR mutations were analyzed
for clinical, functional, and population parameters to define their severity

LEARNING OBJECTIVES

After participating in this activity, the participant will demonstrate the ability to:
Recognize that ivacaftor is a new therapy that has been shown to correct the CFTR protein
and improve lung function in patients with CF who have the G551D mutation.
Describe how the CFTR genotype influences lung function and understand factors
accounting for variability in lung function, even among people with the same genotype.
Describe the use of CFTR genotype to facilitate making diagnoses of CF, predicting
prognoses, and selecting therapies.

The Johns Hopkins University School of Medicine takes responsibility for the content,
quality, and scientific integrity of this CME activity.
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• Clinicians need more information to make informed
decisions about the use of inhaled ABX in
combination.

• Clinicians lack information about best practices for
scheduling ABX therapy to suppress chronic airway
infections.

• Common clinician assumptions about treating
pulmonary exacerbations lack supporting evidence.

• CF clinicians are not aware of and/or are not
actively advocating inhaled ABX patient-adherence
strategies.
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COMMENTARY
Cystic fibrosis is caused by mutations in the cystic fibrosis transmembrane conductance
regulator (CFTR) gene, which forms a protein that transports chloride and helps cells
maintain a constant external environment. Shortly after the gene was identified, the CF
Mutation Database was established to catalog all variants in the gene
(www.genet.sickkids.on.ca). Currently there are almost 2000 different variants described on
this website. Some have been identified in individuals with CF, but only a few variants show
clear evidence that they either cause CF or represent a genetic difference that does not
cause disease. Several innovations require that we have a greater understanding of the
genetic epidemiology of CF, the mechanism by which the mutations disrupt CFTR function, 
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and the range of phenotypes displayed in patients who carry a mutation. This newsletter
issue and next month's podcast will illustrate how the genetics of CF can be used to make a
diagnosis or identify a CF carrier, predict how individuals with a given mutation will do
clinically and allow clinicians to select currently available and hopefully future therapies that
directly address the defect caused by their individual CFTR mutations. 

Cystic Fibrosis is an autosomal recessive disorder; CFTR genes carrying CF-causing
mutations must be present in both parents and passed on to the offspring to result in a baby
with CF. A single CFTR copy is sometimes referred to as an allele. The two alleles that we all
possess are called a CFTR genotype. The terms mutation and variant are commonly used to
describe changes in a gene that make it different from the widely recognized most common
version of the gene (geneticists refer to this as the "wild-type" version). It is important to note
that not all differences from wild-type CFTR cause CF. Some genetic variations have no
effect on protein function, others cause the protein to be completely disabled or not produced
at all, while others fall somewhere in between. In general, there is good evidence that the
more severely a variation disrupts or disables CFTR, the more likely patients carrying a copy
of that mutation on both of their CFTR gene copies will have the disease CF. 

Genetic variants can be labeled for the change they produce in the protein (F508del, G551D,
or W1282X are all examples of this) or for the change they cause in the nucleotides (the DNA
base pain sequence, for example 1717-1G->A or 3849+10kbC->T). A few uncommon
mutations are named for changes they produce in the exons, pieces of DNA that will
eventually be assembled into a mature protein (an example of this is CFTRdel2,3). As part of
a movement in the genetics fields, some mutation names that CF researchers have used
since the gene was found may be reported differently on diagnostic lab reports or in scientific
studies — for example, F508del can be referred to as p.Phe508del or as
c.1521_1523delCTT). The CF mutation database website (www.genet.sickkids.on.ca) and
the CFTR2 site (www.cftr2.org) can be used to search between the legacy (traditional) and
new nomenclature. 

Cystic Fibrosis mutation analysis is commonly used to aid in the diagnosis of CF and in
screening for carriers. The most recent guidelines on CF diagnosis require that a patient
have both clinical symptoms (which could be the typical organ system manifestations of CF
disease, or a newborn test for the immunoreactive trypsinogen, or a sibling with CF), and
evidence of CFTR dysfunction.1 The criteria of CFTR dysfunction can be either an elevated
sweat chloride or the presence of two CF-causing mutations. In carriers who do not have
symptoms as well as in newborns who may not yet have developed organ system disease,
CFTR genetic analysis plays a greater role. At this time, genetic testing technologies have
become less expensive and more widely available. Increasingly, the technique of sequencing
the gene and looking at each nucleotide is replacing panel testing that looks only for specific
mutations. The advantage of sequencing is that it can identify infrequently seen mutations
that may not be contained in a panel of common CFTR mutations; however, the
consequence is that variants with uncertain disease consequence may be identified. 

A more challenging way to correlate CFTR genotype with phenotype extends beyond using
CFTR genotype to diagnose CF toward using CFTR genotype to predict the disease course
in a person with CF. Scientists have identified several ways that CFTR mutations could
disrupt the CFTR protein. It was recognized that classes of mutation that retained some
residual CFTR function were more likely to be associated with pancreatic-sufficient CF.2
Lung function, which is most important to CF patients' morbidity and mortality, has a less
clear correlation between genotype and phenotype. Lung function varies tremendously, even
among patients with the same genotype.3 That variability is related to other genes as well as
to environmental factors.4 The variability and lack of clear genotype-phenotype correlation for
lung disease means that for any given individual, there is no reliable way to predict lung
function over time.

Since the identification of CFTR, the CF field has searched for ways to directly correct the
defects caused by CFTR mutation. The first therapy to improve CFTR function is ivacaftor,
which is effective for individuals with at least one G551D CFTR mutation, is discussed in this
newsletter. Experimental evidence shows that ivacaftor may also benefit other mutations that
affect CFTR gating.5 The concept of classes of CFTR mutations will hopefully be replaced
with mutation "theratypes" that are grouped by their response to a given type of drug rather
than molecular defect. As we move toward this era, the priority will be finding therapies for
the mutations that affect the most patients. It makes sense to be able to try these therapies in
as many mutations as possible. For that reason, there is a greater need to understand the
mechanism of all CFTR mutations, even the rarely seen ones. 
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mechanism of all CFTR mutations, even the rarely seen ones. 

Throughout medicine there is a shift toward tailoring therapies to an individual patient. Even
in a Mendelian disease such as CF, this personalized approach is appropriate. Great strides
have been made in CF care in the last several decades, with an encouraging increase in life
expectancy. The improvements in airway clearance/maintenance, nutrition, and
antimicrobials, as well as centralized care and attention to adherence, have all had great
benefit. Bringing about a dramatic change will require a new type of therapy that alleviates
defective CFTR function and can be given safely for a long time. This individualized approach
to therapy will require the mutations that contribute to the differences in our CF patients to be
well characterized. 
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IVACAFTOR FOR INDIVIDUALS WITH CF DUE TO AT
LEAST ONE G551D CFTR MUTATION
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This study, published by Bonnie Ramsey from the University of Washington along with an
international team of CF clinicians and researchers and funded by the US Cystic Fibrosis
Foundation and Vertex pharmaceuticals (the manufacturer of the drug), led to the approval of
the oral drug ivacaftor by the US Food and Drug Administration (FDA). Following up on a
promising Phase II trial on the drug published a year earlier, the authors randomized 168
patients to receive either ivacaftor (150 mg twice daily) or placebo for 48 weeks. Study
participants had at least one copy of the G551D mutation, be older than age 12, and have a
lung function (FEV1 percent predicted) between 40%-90% of normal. 

Patients receiving ivacaftor showed improvement in lung function within two weeks which was
sustained throughout the trial (absolute improvement in FEV1 vs. placebo differed at each
time point but was approximately 10% and sustained; P < 0.001 at each time point). Lung
function at 24 weeks was the primary endpoint of the trial, but many other secondary
endpoints favored ivacaftor treatment as well. The ivacaftor group experienced 55% fewer
pulmonary exacerbations compared to the control group, with 47 exacerbations (in 21
subjects) in the ivacaftor group compared to 99 exacerbations (in 44 subjects) in the group
that received placebo (P = 0.001 for the reduction in hazard ratio). Participants completed a
questionnaire that assessed respiratory symptoms and quality of life; the ivacaftor group
showed improvement and the placebo group had a slight decline over the 48 weeks of the trial
(P < 0.0001). The ivacaftor-treated patients gained on average 3.1 kg (6.8 lbs.) vs an average
weight gain in the placebo group of 0.4 kg (0.9 lbs.) (P < 0.0001). 
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Consistent with earlier trials, there was evidence that ivacaftor was working to restore CFTR
function. The commonly performed diagnostic test for CF, the measurement of sweat chloride
concentration, assesses CFTR activity of reabsorbing chloride from the sweat glands. A lower
sweat chloride level correlates with increased activity of CFTR. Remarkably, the patients on
ivacaftor had a decrease in their sweat chloride concentration that was 44 mmol/L lower than
placebo treated patients (P < 0.0001). This decrease meant that the ivacaftor-treated patients
had a mean sweat chloride that was 47 mmol/L, below the cut-off for definitive CF diagnosis.
The adverse event profiles of the two groups were similar. 

These findings demonstrate the potential utility of a therapy that restores CFTR function.
Importantly, all patients in both placebo and ivacaftor groups were maintained on their existing
treatment regimens (except hypertonic saline because it is not FDA approved for CF therapy).
The improvements in lung function and the other clinically relevant endpoints in patients
already receiving the existing CF care is a life-altering result. A similarly designed trial, also
with encouraging results, was published for children ages 6-11 with CF and at least one copy
of the G551D mutation.1 As encouraging as these studies are, patients with G551D CFTR
mutations represent approximately 4% of current individuals with CF. The high cost of the
drug may also be a barrier for some patients.
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IVACAFTOR IN INDIVIDUALS WITH CF AND THE F508DEL
CFTR MUTATION
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cystic fibrosis who are homozygous for the F508del-CFTR mutation. Chest. 2012
Sep;142(3):718-724.
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This article summarizes a randomized trial comparing ivacaftor to placebo in patients with CF
who are homozygous for the most common mutation, F508del. The rationale for this study
was that in vitro experiments showed increased CFTR activity in cells carrying CFTR with an
F508del mutation that are treated with ivacaftor. The magnitude of response was not as great
as in cells that carried CFTR with the G551D mutation. It was not known whether these
smaller improvements in CFTR function would translate to clinically meaningful improvements
for CF patients with F508del mutations.

The F508del mutation and the G551D mutation disrupt CFTR in different ways. F508del
prevents correct folding of the newly synthesized protein; as a result, very little CFTR protein
can reach the cell surface, although the small amount that does is functional. G551D-CFTR,
however, folds normally and can be found at the cell surface but is cannot be "turned on" to
act as a chloride channel. The drug ivacaftor aids in "turning on" the mutant G551D-CFTR.
Because a small fraction of F508del reaches the cell surface, it was considered worthwhile to
see whether a drug that enhances chloride conductance, such as ivacaftor, would be
beneficial.

The results of the trial demonstrated in that ivacaftor had no substantial benefit to individuals
with CF due to two copies of the F508del CFTR mutation. Of the 140 patients, 112 were
randomized to receive ivacaftor at the same dose as the study by Ramsey et al (150 mg twice
daily), and all were offered the drug as part of the open label extension. A 2.9 mmol/L lowering
of sweat chloride was seen in the patients treated with ivacaftor compared to patients
receiving placebo at 16 weeks (95% CI 5.6 - 0.2, P = 0.04). However, this evidence of
improved CFTR function was not associated with any statistically significant difference in lung
function, quality of life (once again assessed by CF specific questionnaire), pulmonary
exacerbations, or weight gain.
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If larger improvements in CFTR function were associated with clinically relevant and
statistically significant improvements in outcomes such as lung function, why do small
improvements in CFTR function not show at least some translation to clinical outcomes? 
Two explanations are possible. First, the study was not designed or powered to detect small
differences in lung function. It is likely that the small magnitude of improvement in CFTR
function, as evidenced by the lowered sweat chloride, would have to be present for a much
longer time before any difference in lung function were apparent. Second, it is also possible
there is a threshold to which CFTR function must be restored before a difference in organ
function is realized. These considerations will be important as future therapies are
investigated.

Importantly, this trial provides further evidence that ivacaftor has an acceptable safety profile.
However, no drug, especially not a new drug, has zero risk of adverse events. The most
commonly seen side effects were symptoms that could be considered part of the spectrum of
CF disease, such as cough, sinus congestion, and pulmonary exacerbation. All of these
events occurred at similar rates with the placebo group. There were slightly higher
occurrences of rash and contact dermatitis in the ivacaftor group, and these symptoms should
be monitored in patients receiving ivacaftor.
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CFTR GENOTYPE AND PROGNOSIS

McKone EF, Goss CH, Aitken ML. CFTR genotype as a predictor of prognosis in cystic
fibrosis. Chest. 2006 Nov;130(5):1441-1447. 
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This article from 2006 by McKone and colleagues addresses how genotype can be used to
predict life expectancy in individuals with CF. As discussed in this issue's Commentary, these
types of prediction are of limited utility to any single patient. There is great variability in lung
function, in infections, in response to treatment, and in the myriad of other factors that
influence prognosis. This variability is present even among individuals with identical
genotypes. The consensus in CF care has been: "We can use genotype to predict whether a
patient will be pancreatic-sufficient, or be pancreatic- insufficient and require enzyme
replacement, but we cannot reliably predict lung function." This slightly older work, which
analyzes outcomes from the US CF Patient Registry, remains the best effort to date to
quantify the effect of genotype on lung function. 

To carry out this analysis, the researchers divided all patients in the US CF registry between
1993 and 2002 into "low-risk" vs "high-risk" genotypes. Remembering that the genotype takes
into account the mutation at both of the patient's CFTR genes, patients were defined as "low-
risk" if either of their CFTR mutations fell into the functional classes IV or V (mutations that are
associated with some residual CFTR function). Typically, patients with at least one class IV or
class V mutation are pancreatic sufficient. Ninety-three percent of patients (n = 14,525) were
characterized as "high-risk" genotype; the remaining 7% (n = 1,126) patients were
characterized as a "low-risk" genotype. This retrospective study allowed the researchers not
only to compare lung function, pancreatic status, and microbiology data, but also to look at
survival. Those with the "high-risk" genotype, despite being on average younger, were 2.25
times more likely to die (95% CI 1.77-2.84) during the follow-up period than those with the
"low risk" genotype . Of the 1,672 patients who died over the course of the study, the mean
age of death for "high-risk" genotype was 24.2 vs. 36.7 for the "low-risk" genotypes (P <
0.001). It is difficult to tell what accounted for this increased risk of death, as the rates of
pancreatic insufficient and the percentage of patients chronically colonized with Pseudomonas
aeruginosa were higher and the body mass index was lower in the patients with the "high-risk"
genotype. At first glance there is no difference in lung function between the two groups,
although this likely is an artifact of the survival bias and older age of the "low-risk" genotype
group. Even controlling for BMI, pancreatic function, Pseudomonas aeruginosa colonization,
and lung function, CFTR genotype risk group was an independent predictor of survival. 
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If this study were done today, while the average ages of death would probably be higher for
both groups, the difference between groups would remain. It is apparent that any residual
CFTR function is associated with better survival. This is encouraging as we investigate CFTR-
specific therapies such as ivacaftor. If the difference between a "low-risk" genotype and a
"high-risk" genotype is associated with increased survival, then therapies that rescue CFTR
effectively enough, can be given early enough, and can be sustained long enough, should
convey survival benefit. 

A problem with this study is that nearly 11,000 patients had a genotype that could not be
classified as "low-risk" or "high-risk." That challenge is addressed in the CFTR2 article
reviewed elsewhere in this issue.
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DEFINING CFTR-RELATED DISORDERS
Bombieri C, Claustres M, De Boeck K, et al. Recommendations for the classification of
diseases as CFTR-related disorders. J Cyst Fibros. 2011 Jun;10 Suppl 2:S86-102. 

(For non-subscribers to this journal, an additional fee may apply to obtain full-text articles.)
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As our understanding of CF and of the genetic changes that cause it have advanced, we are
increasingly recognizing patients who have some features of CF but do not follow the more
predictable disease course seen in patients whose CF was diagnosed at birth or shortly after.
The term "atypical" CF has been used to describe CF diagnosed after childhood with milder
organ system manifestations. This term is potentially misleading, as these patients often die
from CF lung disease, although at a later age than those with more "typical" CF. The genotype
of these patients would often fall into the "low-risk" category described in the McKone review.
If one thinks of CF as a spectrum, with pancreatic-insufficient CF on one end of the spectrum
and healthy people without CFTR mutations on the other end, some individuals will fall
between these extremes. In addition to the atypical patients described above, some patients
have symptoms that can be seen in CF and are a result of CFTR dysfunction but do not meet
the diagnostic criteria for cystic fibrosis. 

Bombieri and a group of mostly European CF experts addressed this group of patients in the
article presented here. They define CFTR-related disorders (CFTR-RD) and present
diagnostic algorithms to differentiate these individuals from those with CF. The clinical
syndromes that fall into the CFTR-RD diagnosis include obstructive azoospermia resulting in
male infertility (often labeled as congenital bilateral absence of the vas deferens or CBAVD),
acute recurrent or chronic pancreatitis, or disseminated bronchiectasis. To fulfill these experts'
diagnosis of CFTR-RD, a person would have to have one of these clinical syndromes without
another organ system involvement, but with some evidence of CFTR dysfunction. The

evidence for CFTR dysfunction can be provided two ways: either an abnormal physiologic test
of CFTR function (nasal potential difference or intestinal current measurement) or genetic
testing that identifies CFTR variants. However, by the current CF diagnostic criteria, a person
with an organ dysfunction that had two CFTR mutations identified on genetic testing could be
diagnosed with CF. The key difference is that not all genetic changes in CFTR are clearly
known to be CF-causing mutations. 

The authors note appropriately that most of the time the diagnosis of CF is straightforward. A
diagnosis of CFTR-RD describes a group of disparate single organ system conditions that all
have CFTR dysfunction. It should be noted that the diagnosis of CFTR-RD is separate from
the condition cystic fibrosis related metabolic syndrome, as described by Borowitz1 et al in
2009. Cystic fibrosis related metabolic syndrome (CMRS) is a diagnosis given to newborns
who screen positive for CF, who are asymptomatic, and do not meet diagnostic criteria for CF.
Both conditions share the common scenario in which patients may be identified with CFTR
variants of uncertain significance. 

Reference
1. Cystic Fibrosis Foundation, Borowitz D, et al. Cystic Fibrosis Foundation practice guidelines for the
management of infants with cystic fibrosis transmembrane conductance regulator-related metabolic
syndrome during the first two years of life and beyond. J Pediatr. 2009 Dec;155(6 Suppl):S106-16.
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THE CLINICAL AND FUNCTIONAL TRANSLATION OF
CFTR PROJECT (CFTR2)

Sosnay PR, Siklosi KR, Van Goor F, et al. Defining the disease liability of variants in the cystic
fibrosis transmembrane conductance regulator gene. Nat Genet. 2013 Oct;45(10):1160-7.

View journal abstract View full article

The Clinical and Functional Translation of CFTR (CFTR2) is an international consortium
funded by the US CF Foundation with the goal of increasing the number of CFTR mutations
that have well-classified disease liability. The project began by collecting patient data from
national registries and from CF clinics in countries that did not have a national registry. In total,
nearly 40,000 individuals with CF were collected from 27 countries, mostly in North America
and Europe. From this patient population we compiled a list of the most frequently seen
mutations in individuals with CF. Some 159 mutations were seen in nine or more alleles in the
database, accounting for an allele frequency of greater than 0.01%(frequency of that specific
mutation among CF chromosomes). 

It is not enough to say that if a mutation is seen in a patient with CF, that it is a CF-causing
mutation. The numerous examples in CF and in other genetic diseases of mutations
misidentified as disease-causing are particularly concerning, as frequently CF mutation
analysis is used as part of carrier screening and to help couples make reproductive decisions.
To verify that these mutations are CF-causing, we analyzed the clinical consequences in
patients from our database who carried the mutation. We used sweat chloride concentration
as a marker of CF severity, comparing only patients who had the mutation on one
chromosome with a mutation known to completely disrupt CFTR function on the other
chromosome. We also performed functional analysis, based on the mechanism of each
mutation. For the missense mutations and splicing mutations, this allowed a quantitative
comparison (using wild-type CFTR as a reference). Finally, we compared the frequency of
each mutation in the CFTR2 population with its frequency in the general population (from the
1000 genomes project), and its frequency in CFTR mutations carriers. Using these criteria,
127 of the 159 mutations met clinical (average sweat chloride greater than 60 mmol/L),
functional (mutations that introduced a premature termination or resulted in less than 10% of
wild-type CFTR RNA level, protein level, or protein function), and had no evidence of non-
penetrance in CFTR mutation carriers or in the general population.

This definitively characterized list expands the number of CF-causing mutations from the 23
mutations agreed upon as part of the American College of Medical Genetics. Of the remaining
mutations, 12 mutations could be declared not CF-causing, and the remaining 20 are
indeterminate or of variable penetrance. A key finding reinforced by these mutations seen in
individuals with CF but that failed to meet all of our criteria to be classified as CF-causing, is
that mutations lie along a spectrum as well. Especially for the mutations associated with
residual CFTR function, there is no clear line between a fully penetrant CF-causing mutation,
or a mutation that causes "atypical CF" or one that is associated with CFTR-RD.

The CFTR2 project is ongoing and will continue to analyze mutations seen in individuals with
CF. Almost 2000 CFTR mutations have been described, so considerable work remains to be
done. This data is publicly available via the CFTR2 website,1 which will be updated as more
patient data are collected and further functional testing is completed. As discussed in the other
articles in this issue, correct characterization of CFTR mutations has important implications to
therapy selection, to prognosis, and to CF diagnosis. 

Reference
1. www.cftr2.org
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