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Cystic fibrosis (CF) is a life-shortening disease arising
as a consequence of mutations within the CFTR gene.
Novel therapeutics for CF are emerging that target CF
transmembrane conductance regulator protein (CFTR)
defects resulting from specific CFTR variants. Ivacaftor is a
drug that potentiates CFTR gating function and is specifically
indicated for CF patients with a particular CFTR variant,
G551D-CFTR (rs75527207). Here, we provide therapeutic
recommendations for ivacaftor based on preemptive CFTR
genotype results.
Ivacaftor has recently been approved for the treatment of cystic
fibrosis (CF) in patients with a known variant (G551D-CFTR) in
the CF transmembrane conductance regulator protein (CFTR).
The purpose of this guideline is to provide information to facilitate the interpretation of genotype tests in order to guide ivacaftor therapy. Detailed guidelines for the use of ivacaftor as
well as analyses of cost-effectiveness are beyond the scope of
this document. Clinical Pharmacogenetics Implementation
Consortium (CPIC) guidelines are periodically updated at
http://www.pharmgkb.org.
FOCUSED LITERATURE REVIEW

A systematic literature review focused on CFTR genotype and
ivacaftor use (details in Supplementary Material online) was
conducted.
GENE: CFTR
Background

CF is a life-shortening disease that affects >70,000 people across
the globe and >30,000 individuals in the United States (Cystic

Fibrosis Foundation registry statistics, 2011).1,2 CF is caused by
autosomal recessive mutations in the gene coding for CFTR,
located on chromosome 7q31.2. The CFTR protein is a member
of the traffic adenosine 5'-triphosphatase (ATPase) family. It is
characterized by two nucleotide-binding domains, nucleotidebinding domain-1 and -2, which bind to and hydrolyze ATP;
and two transmembrane domains (transmembrane domain-1
and -2), which anchor the protein to the plasma membrane. The
two nucleotide-binding domains of CFTR form a heterodimer
complex to gate the chloride channel formed by the transmembrane domains.3–5 CFTR is unique among traffic ATPases in that
it is regulated by cyclic adenosine monophosphate and protein
kinase A–dependent phosphorylation of its unique regulatory
(R) domain.
CFTR is a critical regulator of fluid and ion transports, and it
also plays an important host defense role in the airways.1 CFTR
transports chloride and bicarbonate6–8 and also functions as a
regulator of other transporters (including other chloride channels), thiocyanate and glutathione transport, and the epithelial
sodium channel.1,9–12 CFTR is expressed in numerous tissues,
with direct relationships between its expression and CF pathology in the airways, the small and large intestines, pancreatic
ducts, bile ducts, vas deferens, and sweat glands. CFTR expression is high in airway submucosal glands, and CFTR is moderately expressed on the surface epithelium of the small, medium,
and large airways.13
CF airway disease relates directly to disturbed CFTR regulation of ion transport in airway cells, which directly influences airway surface liquid (ASL) volume and the hydration
of mucus.14 Surface airway epithelial cells tightly control
the volume of a fluid compartment called the periciliary
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liquid layer (PCL, a subcomponent of the ASL). When the PCL
volume is normal, it promotes normal ciliary function to drive
effective clearance of the overlying mucus gel layer.15–17 This
process helps maintain a clean airway without activating secondary host defenses. Under high ASL volume conditions, the
epithelial sodium channel is active and drives sodium absorption, with passive flow of chloride (via CFTR and other chloride
transporters) to maintain a “dry” mucosa. When the PCL volume approximates the height of extended cilia (~7 μm), fluid
absorption matches secretion and homeostasis is achieved. If
the PCL and ASL volumes are low, chloride secretion helps to
increase the surface volume, and this is accomplished primarily
through CFTR.18 Water follows passively, with the balance of
water movement following the dominant ion flux.17,19
When CFTR is defective, cyclic adenosine monophosphate–
dependent chloride transport is absent, and epithelial sodium
channel activity (sodium absorption) is increased. This dehydrates the ASL and PCL, interrupts mucus clearance, and begins
a chain of events, including mucus stasis, airway obstruction,
infection, and inflammation. Over time, this produces bronchiectasis, respiratory failure, and ultimately death in young
adulthood.1 Recent research also highlights a potential direct
role of bicarbonate in CF disease because it controls normal
mucin unpackaging and structure.8,20 Furthermore, recent studies have demonstrated that the ASL pH is low in CF (linked
to defective bicarbonate transport), which interferes with the
innate immune system’s ability to kill bacteria.21 The buildup of
thick, tenacious, and dehydrated mucus is a unifying feature of
CF across many disease-affected organs. Additional evidence
also points toward relationships between CFTR deficiency and
excessive inflammation, with high levels of proinflammatory
cytokines and neutrophil influx.22,23
Approximately 1,900 disease-causing CFTR variants have
been identified (http://www.genet.sickkids.on.ca/) (see
Supplementary Table S1 online, selected CFTR variants)
and have been extensively studied in multiple geographically,
racially, and ethnically diverse CF patients (Supplementary
Tables S2 and S3 online). Despite the large number of CFTR
variants, most can be grouped into classes that have shared features (see Table 1 and Supplementary Table S1 online).24 Wellestablished CFTR variant classes include the following: impaired
biosynthesis (class I); defective protein maturation and accelerated degradation (class II); defective regulation of CFTR at the
plasma membrane (class III); defective chloride conductance
(class IV); diminished CFTR transcription (class V); and accelerated turnover at the cell surface (class VI). Although many
rare variants have been identified, a select few variants are more
common and account for most CF clinical disease. Variants that
fall into classes I, II, or III are considered nonfunctional and are
associated with “severe” disease. This means that the vast majority of these patients are pancreatic insufficient and will require
lifelong pancreatic enzyme replacement therapy. By contrast,
patients who have at least one variant in classes IV, V, or VI
retain some residual CFTR function, and the majority of these
patients are pancreatic sufficient. Due to the many factors that
contribute to pulmonary disease manifestations (environmental
Clinical pharmacology & Therapeutics | VOLUME 95 NUMBER 6 | JUNE 2014

• 1 CFTR variant classes and strategies to restore function
Table
CFTR
variant

Nature of defect

Example

Treatment strategy

Class I

Biosynthesisa

Class II

Folding and trafficking F508del

Restore folding

Class III

Gating

G551D

Restore gating

Class IV

Conductance

R117H

Increase pore size

Class V

Reduced splicing
efficiency

5Tb, 2789 + 5
G>A

Increase splicing
efficiency

Class VI

Shortened time at
plasma membrane

F508delc
(corrected)

Stabilize protein at
plasma membrane

G542X

Suppress premature
termination codon

CF, cystic fibrosis.
aOther biosynthesis defects include frameshift mutations that would not be predicted

to be influenced by stop codon suppression. b5T refers to the thymidine tract at
the end of intron 8 (intron 9 when counting exons sequentially without subletters),
which subsequently influences the splicing of exon 9 (exon 10) of CFTR. Described
tract lengths include 5T, 7T, and 9T, with more efficient splicing exhibited with
longer thymidine tracts. The thymidine tract status can be an important contributor
to variant phenotype. For example, R117H CFTR with a 9T thymidine tract typically
does not cause CF. By contrast, R117H CFTR with a 5T thymidine tract typically does
cause CF, and R117H CFTR with a 7T thymidine tract is variably associated with CF.38
See Supplementary Table S1 online for mapping details. cEvidence suggests that
F508del-CFTR demonstrates reduced stability at the plasma membrane and rapid
internalization following correction of folding and trafficking.39,40
Adapted from ref. 24.

factors and the impact of modifier genes that influence the CF
phenotype), it is more difficult to predict the pulmonary disease
course based on the variant class of the patient.
Genetic test interpretation

Patients with CF may have undergone prenatal screening or
a genetic test to determine the underlying variants of their
condition, and results of these genetic tests can be used to
guide therapy for ivacaftor treatment. The current guidelines
focus on the interpretation of genetic tests for the presence
of G551D-CFTR and F508del-CFTR variants. For more information regarding screening for CF, see the Supplementary
Material online.
The wealth of information regarding how various mutations
disrupt CFTR function is beginning to help clinicians to categorize CF patients for viable therapeutic strategies. F508delCFTR (Δ-F508, p.F508del, c.1521_1523delCTT (rs113993960),
and c.1520_1522delTCT (rs199826652)) is the most common
CFTR variant (see Supplementary Tables S1, S2, and S3
online). It is primarily a class II variant that is caused by the
deletion of a phenylalanine at position 508 in the CFTR protein
(Cystic Fibrosis Foundation, 2011 Patient Registry Report). The
F508del-CFTR variant disrupts CFTR protein folding and processing, blocking maturation of the protein and localization to
the plasma membrane.25 G551D-CFTR (p.G551D, c.1652G>A,
rs75527207 allele A) is the third most common CFTR variant
and is present in 4.4% of CF patients. It is a single-nucleotide
change that causes a glycine to aspartic acid amino acid change
at position 551 of the CFTR protein, resulting in a class III
(gating) variant capable of localizing to the epithelial cell surface but with defects in ATP binding and hydrolysis (by the
nucleotide-binding domains) such that G551D-CFTR fails to
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transport chloride normally (Cystic Fibrosis Foundation, 2011
Patient Registry Report).26
Available genetic test options

See the Supplementary Material online and http://www.
PharmGKB.org for more information on commercially available clinical testing options.
Incidental findings

As noted previously, CF is an autosomal recessive disorder. The
carrier frequency for CFTR variants in the US population is
~1:30.3 Two parents who are carriers may not have CF manifestations, but they do have a 25% chance of having a child with
CF and a 50% chance of having a child who carries a CFTR
variant. Thus, information regarding CF carrier status can be
very important to extended family members of CF patients and
families.
Other considerations

Not applicable.
DRUG: IVACAFTOR
Background

Current treatment for CF is supportive, targeting downstream
manifestations that are caused by the dysfunctional CFTR protein. These treatments have led to steady advancements in patient
survival but are accompanied by a high burden of care. A widely
held belief is that restoring function to dysfunctional CFTR
could dramatically alter the course of the disease and extend
longevity.24 Therapeutic strategies that seek to restore function
to mutant CFTR proteins have been reported for nearly 2 decades
(see Table 1). The rationale behind these approaches is based on
the determinants of total CFTR chloride channel activity, each of
which is a potential mechanism to restore CFTR function. These
include the amount of CFTR at the plasma membrane (N, which
is influenced by both trafficking of the protein to the plasma
membrane and how long it remains there), the gating of CFTR at
the plasma membrane (or open-channel probability, i.e., Po), and
CFTR’s single-channel conductance (the ability of ions to permeate the open CFTR channel, i.e., G). Ivacaftor acts to increase the
probability that the channel is open and is the first US Food and
Drug Administration (FDA)–approved drug on the market that
targets a specific CFTR defect.27 Before inclusion of ivacaftor in
the CF therapeutic armamentarium, supportive therapies were
the mainstay of practice and these targeted only secondary effects
of CFTR dysfunction (e.g., pulmonary, gastrointestinal, hepatic,
pancreatic, and reproductive abnormalities) rather than directly
altering (or potentiating) CFTR function. Thus, ivacaftor and
other treatment options that are currently being developed are
leading a paradigm shift in the treatment of CF.
Originally identified by high-throughput screening of a large
compound library (>200,000) followed by lead compound optimization, ivacaftor was subsequently shown to increase chloride
ion flow in recombinant cells expressing the G551D-CFTR variant.27 Ultimately, it was discovered that for ivacaftor to be effective, two conditions must be present in the epithelium.
594

First, CFTR must be expressed on the cell surface, meaning
that mutations associated with improper folding or improper
trafficking of protein to the cell surface are not ameliorated
by ivacaftor. Second, the expressed protein must be capable of
activation via normal intracellular signaling mechanisms, in
particular, cyclic adenosine monophosphate/protein kinase A
pathways including β-adrenergic or adenosine receptor stimulation. Although the precise mechanism by which ivacaftor
potentiates the CFTR channel is unknown (possibly through
ATP-independent direct activation of the protein),28 results of
in vitro studies demonstrate an association between ivacaftor
treatment and enhanced chloride secretion, increased apical surface fluid, and increased beating of cilia of cultured bronchial
epithelial cells from a patient with the G551D/F508del-CFTR
genotype.27
Linking CFTR genetic variants to ivacaftor effects in vitro and
clinically

The evidence linking genetic variants in the CFTR gene to the
effect of ivacaftor has been illustrated in vitro and in several
clinical trials (Supplementary Table S4 online). Registrational
trials demonstrated the efficacy of ivacaftor in two randomized,
placebo-controlled clinical trials including patients with at least
one G551D-CFTR variant. The primary end point was improvement in lung function (forced expiratory volume in 1 s) from
baseline to 24 weeks. Both trials resulted in rapid improvements in forced expiratory volume in 1 s (>10%) from baseline
and in comparison with the results in the placebo group.29,30
The larger, published phase III trial also demonstrated persistent improvements in forced expiratory volume in 1 s, weight,
patient-reported outcomes, and risk of pulmonary exacerbations
in the ivacaftor-treated group as compared with the placebo
group over 48 weeks.29
Ivacaftor has also been studied in patients homozygous for
the F508del-CFTR variant. A clinical trial failed to demonstrate
benefit with ivacaftor monotherapy in comparison with placebo
treatment, suggesting that ivacaftor does not potentiate CFTR
function in F508del-CFTR homozygotes (probably due to inadequate CFTR expression at the cell membrane)31; however, the
study was not powered to examine efficacy. In vitro experiments
suggest that ivacaftor alone is not an effective potentiator in cells
expressing F508del-CFTR32; however, if F508del-CFTR is rescued at the plasma membrane, ivacaftor potentiates its gating
function.27,33 Clinical trials are currently under way in F508delCFTR homozygotes and heterozygotes to investigate the efficacy
of combining ivacaftor with an F508del-CFTR corrector (http://
clinicaltrials.gov/). Speculatively, ivacaftor may be effective in
combination with a suppressor in patients with CFTR variants
that affect biosynthesis of CFTR (i.e., resulting in premature termination codons).24 Individuals with CFTR variants other than
G551D-CFTR that also have a similar gating defect may respond
to ivacaftor treatment; however, currently the only published
studies addressing this aspect are based on in vitro models24,32,34
(Supplementary Table S4 online). Several clinical trials that
aim to evaluate the use of ivacaftor in patients with other CFTR
variants are currently under way or are recruiting participants.
VOLUME 95 NUMBER 6 | JUNE 2014 | www.nature.com/cpt
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Therapeutic recommendations

The evidence outlined in Supplementary Table S4 online provides the basis of the therapeutic recommendations detailed
in Table 2 and Figure 1. Ivacaftor treatment is recommended
only in CF patients who are either homozygous or heterozygous for the G551D-CFTR variant. This recommendation is
based on the results of a small number of clinical trials that
selected for patients with the G551D-CFTR variant29,30,35 and
on recommendations by regulatory bodies. Furthermore, one
study demonstrated a lack of clinical effect in patients with two
copies of the F508del-CFTR variant; however, this study was
underpowered to evaluate efficacy.31 This recommendation is
also supported by the mechanism of action of ivacaftor, identified through drug screening as potentiating the gating function
of mutant CFTR,27 and subsequent in vitro studies showing that
ivacaftor enhances G551D-CFTR activity.
These recommendations are consistent with the FDA and
European Medicines Agency labeling for ivacaftor (see http://
www.pharmgkb.org/drug/PA165950341?tabType=tabDrugLa
bels), in which the drug is indicated for use in CF patients who
have a G551D-CFTR variant on at least one allele and is not recommended for those without a G551D-CFTR variant, including
those homozygous for the F508del-CFTR variant. Both labels
state that if genotype is unknown, accurate genetic testing of
CFTR should be carried out before treatment with ivacaftor.
In addition, the European Medicines Agency drug label states
that the drug should be prescribed only by physicians who have
experience in CF treatment.
Clinical trials of ivacaftor in patients with the G551DCFTR variant were carried out in CF patients who were (i)
12 years and older29 and (ii) aged 6–11 years.30 The safety of
the drug has not been established in children younger than
6 years of age; therefore, the recommendations in Table 2
are inclusive of pediatric patients aged 6 years and older, as
well as in adults.

Recommendations for incidental findings

The G551D-CFTR variant is associated with CF and pancreatic insufficiency (when a nonfunctional CFTR variant is
found on the other allele) (http://www.CFTR2.org).24 Patients
should discuss their genotype results with a CF physician
and/or a genetic counselor. Furthermore, genetic counseling
is important for families with children diagnosed with CF
and also for families of children who are carriers for CF variants, so that they can understand their risks of CF in future
pregnancies.
Other considerations

There are no data regarding whether ivacaftor can
replace other established CF therapies. The cost of ivacaftor
treatment is high (>$300,000/year) relative to other CF
therapies and due to the relatively small number of
G551D-CFTR (and F508del/F508del) CF patients who have
been treated with ivacaftor in clinical trials (<400), longterm safety data are limited. Ivacaftor may have the potential
to be used in the treatment of diseases other than CF that
display defects in CFTR function, for example, smokingrelated lung disease such as chronic obstructive pulmonary
disease36; however, this is beyond the scope of these guidelines. A patient with a G551D-CFTR variant typically has
a second CFTR variant that could influence the efficacy of
ivacaftor, for example, class I or class II variants that result
in decreased expression of CFTR at the cell surface. Other
CFTR variants with primary gating defects can also be
activated by ivacaftor in vitro, and clinical trials examining
patients with these variants are currently under way32 (http://
clinicaltrials.gov/).
In vitro and clinical studies indicate that ivacaftor is primarily
metabolized by cytochrome P450 (CYP)3A. However, to date,
there are no data regarding the impact of CYP3A polymorphisms on the pharmacokinetics of ivacaftor.

• 2 Prescribing ivacaftor based on CFTR genotype for patients with cystic fibrosis
Table
CFTR genotype
Homozygous or heterozygous
G551D-CFTR—e.g. G551D/
F508del, G551D/G551D,
rs75527207 genotype AA or AG

Implications for ivacaftor effects

Therapeutic recommendations

Significant improvement in lung function, weight,
risk of pulmonary exacerbation, and patientreported outcomes, and reduction in sweat chloride
concentrations through enhanced CFTR channel
activity (increased probability of open channel)

Use ivacaftor according to the
product label (e.g., 150 mg every 12 h
for patients aged 6 years and older
without other diseases; modify dose
in patients with hepatic impairment)

Classification of the
recommendations
Strong

Not studied clinically. In vitro studies show variable
Noncarrier of G551D-CFTR—
e.g. F508del/R553X, rs75527207 effects on CFTR channel activity depending on the
genetic variant. Likelihood of response not known
genotype GG

Ivacaftor is not recommendeda

Moderate

No significant reduction in sweat chloride
concentrations; no changes in other clinical
measurements, including spirometric
measurements, pulmonary exacerbations, or body
weight.b Unlikely to respond to treatment

Ivacaftor is not recommendeda

Moderateb

Homozygous for F508del-CFTR
(F508del/F508del), rs113993960,
or rs199826652 genotype del/
del
CF, cystic fibrosis.

aThese recommendations are based on treatment of CF patients with ivacaftor alone and on current evidence. Clinical trials are currently under way to investigate ivacaftor alone

or in combination with other drugs to treat CF patients with CFTR variants other than G551D; therefore, there is potential that ivacaftor may be effective in these patients.
See main text for further details. bThe recommendation for patients with the F508del/F508del genotype is based on ivacaftor mechanism of action and clinical observational data.
The clinical study, however, was a safety study and was not powered to detect a difference in efficacy.31
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Cystic fibrosis (CF) patient who
is age ≥ 6 with G551D-CFTR
test result

Positive (G551DCFTR variant in at
least one allele)

Negative (no
G551D-CFTR
variant)

life span and response to therapy.24,37 Ivacaftor targets the gating defect of CFTR found in patients carrying G551D-CFTR.
These patients are still likely to require concomitant medications to treat the other accompanying disease manifestations
and associated infections of CF. Drug–drug interactions may
occur that affect ivacaftor efficacy and/or toxicity when taken
in combination with other medications, in particular CYP3A
inhibitors or inducers (http://www.pharmgkb.org/drug/PA1
65950341?tabType=tabDrugLabels), and conversely, ivacaftor may affect the efficacy and/or toxicity of concomitant
therapies.
SUPPLEMENTARY MATERIAL is linked to the online version of the paper at
http://www.nature.com/cpt

Initiate ivacaftor
therapy if no
contraindications

Ivacaftor not
recommended*,
select alternative
therapy for CF
supportive care

*Ivacaftor is not recommended for CF patients with other CFTR
mutations. Future clinical trials for other CFTR variants are ongoing.

Figure 1 Treatment algorithm for clinical use of ivacaftor for cystic fibrosis
patients based on CFTR genotype.

POTENTIAL BENEFITS AND RISKS FOR THE PATIENT

Benefits include identifying patients who are eligible for and
could benefit from ivacaftor treatment. This genotype information may also contribute to understanding a patient’s pathophysiology and therapeutic options. Patients with the G551D-CFTR
variant are still at risk of not responding to ivacaftor treatment,
and treatment outcomes vary between patients. Unfortunately,
CFTR biomarkers (sweat chloride levels and nasal potential difference) did not correlate with clinical response in the phase II
and phase III trials of ivacaftor in G551D-CFTR patients (forced
expiratory volume in 1 s, weight, risk of pulmonary exacerbations, or patient-reported outcomes).29,35 For patients without
the G551D-CFTR variant, ivacaftor is not indicated. However,
several drugs targeting other CFTR variants are currently under
development or in clinical trials and may benefit these patients
in the future.24,37
CAVEATS: APPROPRIATE USE AND/OR POTENTIAL MISUSE
OF GENETIC TESTS

Errors may occur in CFTR genotyping or in the reporting of
results. If so, a patient may be subjected to ineffective ivacaftor
treatment or may be omitted from potentially effective treatment
with ivacaftor. The FDA label states that an FDA–cleared test
should be carried out if a patient’s genotype is unknown. Genetic
test results should include coverage for positions rs75527207
(G551D-CFTR) and rs113993960 and rs199826652 (F508delCFTR) in order to follow the CPIC ivacaftor guidelines.
Other genetic and environmental factors may affect a
patient’s response to ivacaftor. Although traditionally considered a monogenic disease, CF has a complex phenotype.24,37
CFTR itself has many roles, defects in other genes may be
involved, and many physiological pathways affect a CF patient’s
596
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