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Abstract

Cystic Fibrosis is caused by mutations in the Cystic Fibrosis Transmembrane conductance 

Regulator (CFTR) gene resulting in abnormal protein function. Recent advances of targeted 

molecular therapies and high throughput screening have resulted in multiple drug therapies that 

target many important mutations in the CFTR protein. In this review, we provide the latest results 

and current progress of CFTR modulators for the treatment of cystic fibrosis, focusing on 

potentiators of CFTR channel gating and Phe508del processing correctors for the Phe508del 

CFTR mutation. Special emphasis is placed on the molecular basis underlying these new therapies 

and emerging results from the latest clinical trials. The future directions for augmenting the rescue 

of Phe508del with CFTR modulators is also emphasized.
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Introduction

The identification of the cystic fibrosis (CF) gene encoding the CF transmembrane 

conductance regulator (CFTR) protein in 19891,2 provided the CF research and clinical 

community with an unprecedented opportunity to begin understanding the molecular basis 

of this autosomal recessive disease and its clinical consequences. In the past decade, this 

knowledge has led to development of therapies that may be profoundly impacting the course 

of the disease in individuals with specific mutational classes. The progress that has ensued 
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over the last 26 years has been remarkable and inspirational to patients and families living 

with CF as well as other rare disease communities. This review will focus on two important 

therapeutic approaches, termed “potentiators” and “correctors,” directed at modulating or 

repairing the function of the CFTR protein in those classes of disease causing mutations 

where some level of CFTR protein is produced.

CFTR is a protein kinase A (PKA) activated chloride and bicarbonate selective ion channel 

involved in salt and water transport across the apical membranes of epithelial cells located in 

multiple organs affected in individuals with CF3,4 including pancreas, liver, intestinal tract 

and the lung. Because pulmonary manifestations are the major cause of morbidity and 

mortality in CF, therapeutic development has been primarily focused on reversing the 

progressive obstructive lung disease. In the airway, there are several hypotheses linking loss 

of channel function to lung pathogenesis including airway surface dehydration5, and 

abnormal mucus viscoelastic properties6, and tethering to sub-mucosal glands7,8. These 

initial events likely lead to impaired mucus clearance and airway obstruction, making the 

airway more vulnerable to infection, inflammation and eventual structural damage9,10.

The structure of the dimeric CFTR channel at the apical surface is composed of multiple 

domains including two membrane spanning domains (MSD), two cytoplasmic nucleotide- 

binding domains (NBD), an intracellular regulatory (R) domain as well as several extra- and 

intracellular loops11,12. Thus, it is not surprising that the biogenesis of mature CFTR is 

multi-stepped and complex as the nascent, recently transcribed protein must fold properly 

and undergo glycosylation steps as it moves from the endoplasmic reticulum (ER) to the 

Golgi complex and is eventually transported to the cell surface. The cell's quality control 

mechanisms, ER-associated degradation (ERAD), rapidly remove and degrade any 

misfolded proteins. Even wild-type CFTR is a highly inefficient process where less than 

20% of nascent protein successfully reaches the surface demonstrated in primary cell culture 

of human bronchial and intestinal epithelial cells culture systems13 with reduced expression 

in other heterologous cells systems. Once reaching the surface, the channel must be able to 

properly activate so that the channel is in an open state, allowing anion transport to occur. 

The proportion of time that the channel is actively transporting anions is termed its open 

probability (Po) and is a key measure of its function14.

Over 1900 CFTR mutations are known to cause CF15. Despite this large number, relatively 

few mutations account for the majority of CFTR alleles, and are particularly common in the 

northern European descent population. The most prevalent mutation is Phe508del (formerly 

F508del, or c.1521_1523delCTT), which causes a 3 base pair deletion resulting in omission 

of phenylalanine at position 508. This mutation accounts for ∼70% of all CFTR alleles, and 

as high as 86% in Northern European Caucasians15. Phe508del CFTR causes protein 

misfolding, resulting in efficient ERAD and minimal protein expression at the plasma 

membrane. Phe508del is the prototypical Class II mutation (mutations that result in 

premature degradation or incomplete maturation). Other mutations fall into several classes 

based on molecular mechanism10,16 (Figure 1). These classes include incomplete synthesis 

due to premature termination codons (PTCs, Class I); disordered regulation and gating, 

causing diminished ATP binding and hydrolysis (Class III), which includes the Gly551Asp 

(formerly known as G551D) mutation; defective chloride conductance (Class IV, which 
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includes the Arg117His mutation formerly known as R117H); and a reduced number of 

CFTR transcripts due to a promoter or splicing abnormality (Class V). Class VI mutations 

are also defined as those that exhibit reduced cell surface half-life, a property shared by 

many Class II alleles.

A few caveats should be noted with regard to these categories. First, defects caused by a 

mutation may not be limited to one mechanistic category. For example, Phe508del has both 

reduced CFTR reaching the surface membrane but also abnormal channel activation (though 

less severe than Gly551Asp) and reduced residence time in the apical membrane. Second, 

phenotype studies have shown that mutational classes where little CFTR reaches the cell 

surface (Classes I, II, V) or channel activation is severely impaired (Class III) are associated 

with more severe disease including pancreatic insufficiency and more rapid lung 

progression. Third, to be successful, therapeutic approaches to correct dysfunctional CFTR 

must take into account these different mechanisms of CFTR dysfunction and it is likely that 

for more severe phenotypes (e.g., Phe508del) multiple approaches will be required. The 

complexity of repairing Phe508del is discussed in the correctors section.

Developing novel therapies

Since the discovery of the CFTR gene, there has been worldwide interest in pharmacologic 

approaches to stabilize the misfolded Phe508del protein to permit transport to the surface 

and to activate channel function. It is well established that low temperature could prevent 

Phe508del misfolding in vitro17 and that pharmacological chaperones would likely stabilize 

the misfolded protein18. Early drug development efforts utilized known pharmacologic 

compounds such as 4 phenyl-butyrate19, curcumin20 and 8-cyclopentyl-1,3-dipropylxanthine 

(CPX)21 with limited efficacy. These early experiences, however, emphasized the need for 

better predictive cell based model systems to prioritize therapeutic agents for future human 

trials. Fortunately, such model systems are now available.

In the past 15 years, drug development has been significantly accelerated by the introduction 

of cell based high-throughput screening (HTS) assays using fluorescence-based assays of 

membrane potential22 or halide efflux23, each markers of CFTR activity in vitro. Two major 

formats of HTS assays have been used to identify candidate CFTR modulators. First, 

chemical compounds have been screened without any pre-incubation period to identify 

“potentiators”, defined as pharmacologic agents that increase PKA regulated chloride 

channel gating of CFTR. A second assay has been designed to identify “correctors” defined 

as small molecules acting as chaperones that “rescue” misfolded CFTR and permit 

trafficking to the cell surface. In the corrector assays, cell lines used for HTS were 

preincubated with chemical compounds for ∼12-48 hours to allow time for CFTR de novo 

synthesis and trafficking to the cell surface. The compounds were then removed and a 

channel activator, such as genistein, was added for the fluorescence assay.

These HTS assays have permitted the screening of hundreds of thousands of chemical 

compounds with diverse structures14,24. The most promising compounds, called “hits”, have 

subsequently undergone medicinal chemical optimization to improve the potency and reduce 

potential toxicity of the compounds. This process has led to the successful identification of 
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both potentiator and corrector drugs that have moved forward into human trials and even 

approval by U.S. and European regulatory agencies. This developmental process has been 

successfully implemented, using a variety of different cell types and reporter assays, by a 

number of pharmaceutical companies and academic drug-discovery units. The next sections 

of this review will describe the drug development process of first potentiators and then 

correctors for patients with CF.

Research efforts are being directed to other therapeutic approaches beyond correctors and 

potentiators. Examples include readthrough (or suppression) of premature termination 

codons (PTCs) to induce expression of full-length CFTR25,26, and other approaches such as 

gene replacement by viral and non-viral gene therapy are also under active 

development27,28, but are beyond the scope of this review. Since many patients (∼40%) are 

complex heterozygotes for more than one CFTR mutation29, a number of these approaches 

will form the basis of combination therapeutics. Treatment regimens of the future will be 

personalized to optimize the clinical benefit for the specific genetic mutations harbored by 

the individual patient30.

Therapies that Potentiate the CFTR Channel

Potentiators are compounds developed in hopes of restoring CFTR activity and function in 

patients with cystic fibrosis. These agents increase the time that activated CFTR channels at 

the epithelial cell surface remain open and functional. Potentiators improve gating and 

conductance defects by augmenting the open configuration of the CFTR channel. Class III 

and IV mutations are the categories most likely to respond to potentiator monotherapy, but 

any channel with some residual expression (like mild Class II defects or non-canonical Class 

V splicing mutations) have the potential to benefit31,32. While Class IV mutations are 

postulated to be responsive to potentiator therapy, it is unknown whether all Class IV 

mutations will have a clinically important improvement in CFTR function when treated with 

potentiator therapy like ivacaftor. Rather than a strict genotypic approach, a phenotypic 

approach may also be implemented, such as identifying potential candidates for therapy 

based on the presence of residual CFTR function, which implies that there may be some 

CFTR present to effectively potentiate. This concept is being tested in the recently 

completed “n-of-1” study of residual function mutations and the differential treatment 

effects of ivacaftor on these partial function CFTR mutations33.

Class III mutations are associated with a reduction in the gating mechanism or channel 

opening of the CFTR protein (see Figure 1)10,14. Class IV mutations allow limited chloride 

and bicarbonate ion transport, and are associated with reduced or defective anion 

conductance34. The most prevalent and well known Class III mutation, Gly551Asp, involves 

a substitution of glycine for aspartic acid at amino acid 551; it occurs in 4-5% of patients 

with CF29. This amino acid substitution occurs at a critical point in the NBD1, the interface 

with NBD235. Gly551Asp – CFTR reaches the plasma membrane of epithelial cells, but the 

protein contains a gating defect that abolishes ATP-dependent channel opening resulting in 

defective channel functioning with consequent little or no ion transport.
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Among candidate compounds identified by high-throughput screening, ivacaftor (formerly 

VX-770) was felt to be the most promising potentiator suitable for drug development. It was 

found to increase the activity of both wild-type and defective cell surface CFTR protein in 

vitro14 and had favorable pharmacokinetic properties. The greatest effect was on cells with 

Gly551Asp-CFTR or similar gating mutations32. Addition of ivacaftor increased CFTR 

mediated chloride ion secretion in Gly551Asp/Phe508del human bronchial epithelium 

(HBE) cells from 0-5% to levels 35-50% of that measured in non-CF HBE. It additionally 

reduced sodium absorption. This pharmacologic effect has also been noted to be associated 

with an enhanced height in the apical airway surface liquid (ASL) allowing an increase in 

cilia beating to levels seen in the non-CF airway epithelium14,36.

The development of a CFTR-targeted drug that would potentially benefit CF patients was a 

remarkable breakthrough. The CFTR potentiator compound ivacaftor directly restored 

CFTR activity in vitro and so clinical trials in CF patients commenced. A Phase 2 clinical 

trial of ivacaftor evaluated its safety profile over 14-28 days of treatment37. Thirty-nine 

adults with CF with at least one Gly551Asp-CFTR allele participated in a randomized, 

placebo-controlled, double-blind, multicenter, multiple dose study. The frequency of adverse 

events was similar between study groups, and the safety profile provided support for further 

clinical evaluation. Significant within subject improvements were noted in two biomarkers 

of CFTR activity: respiratory (nasal potential difference) and non-respiratory (sweat 

chloride concentration). Additionally, improvement in lung function reflected by a 

significant change from baseline in FEV1 (forced expiratory volume in 1 second) was 

appreciated at several dose levels of ivacaftor. Those receiving a dosage of 150mg per day 

seemed most responsive, so that dose was selected for the Phase 3 studies.

Two Phase 3 clinical trials of ivacaftor, one in patients 12 years and older38 and a second in 

children 6-11 years39, evaluated improvement in lung function, risk of pulmonary 

exacerbations, patient-reported respiratory symptoms, weight, and concentration of sweat 

chloride, along with safety. One hundred sixty-one subjects with CF, 12 years of age or 

older (mean age 25.5 years) with at least one Gly551Asp-CFTR allele, participated in a 

randomized, double-blind, placebo-controlled trial, the STRIVE study38. Subjects received 

150 mg of ivacaftor every 12 hours or placebo for 48 weeks. Adolescents and adults on 

ivacaftor participating in this study showed a 10.6% (absolute change) improvement in 

FEV1. Effects were noted by week 2 and sustained through week 48. Subjects receiving 

ivacaftor were 55% less likely to have a pulmonary exacerbation. Those receiving ivacaftor 

scored 8.6 points higher than controls on a standardized respiratory symptom questionnaire. 

At the end of 48 weeks, those receiving ivacaftor had gained 2.7 kg more weight than those 

on placebo. The change in sweat chloride concentration, a measure of CFTR activity, was 

also significant. The incidence of adverse events was similar between the two groups, and a 

lower percentage of serious adverse events were reported in those receiving ivacaftor.

A second Phase 3 trial was conducted in children ages 6-11 with CF with at least one 

Gly551Asp- CFTR allele39. This randomized, double-blind, placebo-controlled study, 

known as the ENVISION study, demonstrated a 10% improvement in FEV1, weight gain of 

2.8 kg, and a marked decrease in sweat chloride concentration in those receiving ivacaftor. 

Ivacaftor was found to be both safe and effective in subjects 6 years of age and over.
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Subjects participating in both the STRIVE and ENVISION studies were invited to enroll in 

the PERSIST study, an open label, roll-over continuation. The adults and adolescents who 

switched from placebo to ivacaftor showed improvement in FEV1, weight gain, and 

pulmonary exacerbation rate, similar to those treated with ivacaftor for the initial 48 weeks 

of the study40. Response was sustained, both at 96 weeks, and at 144 weeks for those who 

had received ivacaftor in the previous study.

A recent Phase 4 Gly551Asp observational study (GOAL) involved patients with at least 

one Gly551Asp-CFTR mutation and evaluated their clinical status before and after initiation 

of ivacaftor at the time of its approval by the US-FDA41. The GOAL study involved patients 

from 28 US CF care centers , including patients age 6 years and older who had no prior 

exposure to ivacaftor. Study assessments included spirometry, body weight, sweat chloride, 

and patient reported symptoms. Samples collected included blood, urine and sputum. The 

GOAL study also included additional substudies: evaluation of mucociliary clearance 

(MCC), gastrointestinal (GI) pH profiles, measure of sputum inflammation and 

microbiology. One hundred fifty-three participants were enrolled and 133 (88%) completed 

the six-month long study (there was no placebo control group). All participants had one 

copy of the Gly551Asp mutation and 72.2% had Phe508del as their second allele. Lung 

function as measured by FEV1 and FVC improved, except for the youngest age group where 

there were smaller changes noted, likely related to healthier lungs at baseline. Body weight 

and body mass index (BMI) both increased. Sweat chloride concentration declined 

significantly, to levels very similar to that observed in Phase 3 testing. Substantial 

improvements in quality of life measures and respiratory symptoms were seen. Remarkably, 

sputum cultures showed decreased endobronchial colonization with P. aeruginosa, 

providing evidence that CFTR modulation may alter CF microbiology, and suggesting that 

CFTR may play a role in host defense. A subsequent retrospective analysis confirmed these 

findings, and demonstrated patients with mild disease and more intermittent growth of P. 

aeruginosa were the most likely to clear their cultures, but also that patients with persistent 

mucoid Pseudomonas can also clear, albeit at lower rates42. An increased abundance of 

Prevotella, associated with higher lung function in CF43, was also observed in the GOAL 

study. Biomarkers of inflammation were not observed to change significantly. However, a 

large improvement in MCC was observed suggesting that CFTR has a central role in 

regulating MCC41.

With respect to ivacaftor's effect on body weight and body mass index (BMI), findings from 

a GOAL substudy suggest that CFTR may have a direct effect on gastrointestinal (GI) pH 

leading to improved absorption. The role of CFTR as a bicarbonate transporter involved in 

regulation of pancreatic and GI function was addressed in this study. Individuals with CF are 

known to have more acidic intestinal pH44. Before and after initiation of ivacaftor, a 

subgroup of patients swallowed capsules which measured pH throughout the intestinal tract. 

Ivacaftor significantly effected duodenal alkalization and throughout the distal intestine, 

suggesting that normalization of GI pH via CFTR potentiation may improve pancreatic 

enzyme function, nutrient digestion and absorption41 though studies testing this hypothesis 

directly have not been conducted to date.
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The effect of ivacaftor on other Class III gating CFTR mutations has also been studied. A 

Phase 3 randomized, placebo-controlled, double-blind study of patients with genotype non-

Gly551Asp gating mutation in at least 1 allele involved 39 patients ages 6 years and older45. 

This trial, known as the KONNECTION study, showed clinical benefit after 8 weeks of 

treatment with ivacaftor including improvement in FEV1, BMI, and sweat chloride 

concentration. Improvement in these parameters was noted to be similar to improvement 

seen in patients with Gly551Asp.

Class IV mutations, primarily located in the MSD, have defective conductance, allowing 

limited chloride and bicarbonate ion transport34. The efficacy of ivacaftor has been assessed 

in patients with Arg117His, traditionally characterized as a Class IV mutation that also 

exhibits reduced (but not complete abrogated) channel gating.

The KONDUCT study, a randomized, placebo-controlled, double-blind study of patients 

with genotype Arg117His in at least one allele, involved 69 patients ages 6 years and older. 

There was a 5% absolute improvement in FEV1 for all patients in the study, a trend that did 

not achieve statistical significance. There was, however, a 9% absolute improvement noted 

in patients greater than 18 years of age with more established lung disease as compared to 

the younger patients, which demonstrated no treatment benefit46. Recently the FDA 

approved ivacaftor for CF patients with the Arg117His mutation, and post-approval 

monitoring studies to help confirm clinical benefit and the appropriate treatment populations 

are planned.

Ivacaftor has been studied in patients with the most common CF genotype, Phe508del. 

Ivacaftor acts as a “modest potentiator”36 for the small amount of Phe508del-CFTR which is 

found at the cell surface. It increases the Phe508del channel open probability and chloride 

ion secretion in cultured HBE cells of some Phe508del homozygous CF patients in vitro14. 

Thus ivacaftor was studied in a Phase 2 clinical trial, known as the DISCOVER study 

involving 140 homozygous Phe508del patients47. This was a randomized, placebo-

controlled, double-blind parallel study including patients greater than or equal to 12 years of 

age. The study was designed as a safety trial with a 4:1 randomization of ivacaftor to 

placebo and not powered to measure efficacy. The initial treatment duration was 16 weeks, 

with a follow-on open-label study for 96 weeks., Patients on this study receiving ivacaftor 

showed no statistically significant improvement in FEV1, rate of pulmonary exacerbation, or 

symptom scores possibly due to the lack of power.,. In the first part of the study, a small 

decrease in sweat chloride concentration occurred, but this was not substantiated in the 

open-label extension. While no efficacy was observed, the study helped establish the safety 

of the agent47.

Though the results of the studies described above have been truly extraordinary, potentiator 

montherapy benefits only a small number (<10%) of CF patients. Initial attempts at a 

phenotypic approach, involving patients with at least one mutation that produces some 

functional CFTR protein (termed residual activity), and case reports suggest ivacaftor may 

be beneficial in this group48. Since approximately 75% of CF patients carry at least one 

copy of the Phe508del mutation, successful therapy targeted to Phe508del mutation remains 

a great hope but a much greater challenge, as described in the next section.
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The challenge of correcting Phe508del CFTR

The F508del mutation affects the protein's maturation at multiple steps including folding and 

activation making it much more challenging to restore49-51 (Figure 2). Deletion of Phe508 

leads to pronounced loss of thermal stability due to NBD1 misfolding, resulting in retention 

in the ER and subsequent protein degradation. Thus, little mature protein reaches the plasma 

membrane50,52-54. Further impairment of Phe508del protein stability occurs because Phe508 

facilitates binding between two important structural domains, NBD1 and MSD2. In addition, 

the NBD-MSD interface is key to opening the NBD-mediated anion channel so that the 

Phe508del mutation results in a significant gating abnormality55. Finally, through similar 

mechanisms as disordered protein folding, the small amounts of Phe508del that escape 

ERAD and reach the cell surface are also prematurely degraded and recycled, resulting in a 

substantially-shortened cell surface half-life56. These multiple distinct CFTR defects 

attributable to Phe508del point to the challenge of identifying a single agent capable of 

restoring mutant CFTR to therapeutically relevant levels, and helped predict the current era 

of multi-agent CFTR therapies (Figure 2).

Development of CFTR Modulators for Homozygous Phe508del Patients

Correctors and potentiators as monotherapies

As discussed in the introduction, more recent and successful CFTR modulator development 

efforts have resulted from high-throughput library screens for chloride channel function 

following incubation of test compounds with F508del expressing cells22,23,57. As postulated 

based on a successful screen22, Van Goor et al. demonstrated that the novel CFTR corrector 

lumacaftor (formerly VX-809) improved Phe508del-CFTR cellular processing24 and 

enhanced chloride secretion to ∼14% of non-CF in a human based cell model of F508del 

bronchial epithelial cells24, although the magnitude of this effect can vary depending on the 

cell model58. By contrast, ivacaftor monotherapy in vitro has only a modest effect on 

F508del HBE cells unless the cells have been pre-treated with a corrector14. The major 

effect of lumacaftor is likely stabilization of the NBD-MSD inter-domain assembly (shown 

in Figure 2) reducing cellular misprocessing49,50,59. Of note, the effect of lumacaftor on 

chloride transport in Phe508del cells is only a quarter to a third the effect observed with 

ivacaftor in G551D-CFTR cells. Fortunately, the effect of VX-809 on CFTR function can be 

enhanced 50-100% in Phe508del CFTR homozygous HBE cells following acute 

administration of ivacaftor24, providing in vitro evidence that a combination of a corrector 

and potentiator may be more efficacious than either therapy alone. Yet, even this 

combination in Phe508del homozygous cells remained inferior, compared to the effect of 

ivacaftor monotherapy on Gly551Asp heterozygous cells14.

An initial Phase 2a clinical trial testing lumacaftor monotherapy in patients homozygous for 

F508del-CFTR demonstrated the first steps towards effective rescue in the clinic60. Patients 

receiving lumacaftor monotherapy showed modest but detectable improvements in sweat 

chloride compared to placebo (8 mEq/L), but improved sweat chloride was not accompanied 

by significant changes in spirometry or other clinical measures60. While this established that 

some rescue of Phe508del CFTR in human subjects is achievable by a systemically 

delivered small molecule, these results indicated that the degree of CFTR rescue was 
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insufficient to confer clinical improvement. Furthermore, because the highest dose tested 

(200 mg) demonstrated the maximum efficacy, it is possible that the most efficacious dose 

of lumacaftor was not reached. As noted previously, ivacaftor alone (DISCOVER trial) was 

safe but not efficacious in the homozygous Phe508del population 47.Thus, both in vitro and 

early clinical studies have demonstrated monotherapy with either correctors or potentiators 

have a low likelihood of clinical success in patients homozygous Phe508del emphasizing the 

need for combination therapeutic approaches.

Corrector and potentiators as combination therapy

Clinical development of combination corrector-potentiator therapy has been more 

successful, though challenges had to be managed. Lumacaftor and ivacaftor, the first 

combination therapy that progressed to human trials, have known drug-drug interactions. 

The early Phase 2 trial60 demonstrated that lumacaftor induced liver metabolism of ivacaftor 

in CF patients, thus reducing available concentrations of the potentiator. This same 

metabolic effect was observed in Phase 1 studies in normal healthy volunteers61. Based 

upon these pharmacokinetic data, the dose of ivacaftor was increased to 250 mg twice daily 

rather than the 150 mg twice daily monotherapy dose shown to be efficacious in Gly551Asp 

patients38,39. This higher ivacaftor dose, in combination with lumacaftor, demonstrated 

significant improvements in sweat chloride62 in a Phase 2 dose escalation study, and was 

therefore used for subsequent Phase 3 trials when used in combination with lumacaftor. This 

Phase 2 trial in patients either homozygous or heterozygous for Phe508del mutation also 

demonstrated that high dose co-administration of lumacaftor (600 mg qd or 400 mg twice 

daily) and ivacaftor (250 mg twice daily) resulted in significant improvements in FEV1 in 

the homozygous patients, but only when both agents were administered. Lumacaftor 

monotherapy for 28 days exhibited a slight but dose-dependent decrement in spirometry that 

is likely due to bronchospasm based on studies in normal volunteers (1-2% mean FEV1% 

decrement at the maximum doses)61. When ivacaftor was added for a subsequent 28 days, 

an FEV1% significant increase was observed (6% at maximum lumacaftor doses)62 in the 

homozygous Phe508del patients. The net effect was ∼3% FEV1% benefit within subject for 

lumacaftor- ivacaftor combination therapy that was significant as compared to placebo. This 

improvement in lung function was seen even though the sweat chloride change in Phe508del 

homozygous patients was quite modest (9.1mmol/L) and below expectations based upon in 

vitro findings24.

The same Phase 2 trial62 included a small cohort of Phe508del heterozygous individuals 

administered high dose lumacaftor-ivacaftor. In this group, no significant change in FEV1 

was observed and so subsequent Phase 3 trials included only homozygous Phe508del 

individuals. The findings in the heterozygous cohort suggests that lumacaftor-ivacaftor is 

not efficacious enough to improve lung function in most patients with only one Phe508del 

allele unless the second allele is responsive to ivacaftor alone (e.g., Class III gating 

mutations or Arg117His)63.

Based on the encouraging lung function findings, lumacaftor-ivacaftor combination therapy 

was tested in two large multi-center 24 week, Phase 3, randomized control trials, termed 

TRAFFIC and TRANSPORT64. Each study tested the two highest doses of lumacaftor (600 
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mg once daily or 400 mg twice daily) in combination with high-dose ivacaftor (250 mg 

twice daily). TRAFFIC and TRANSPORT each enrolled ∼500 CF patients age 12 years and 

older who were homozygous for Phe508del-CFTR; development in younger CF patients is 

currently in progress65. The primary trial analysis confirmed a pooled mean absolute change 

in FEV1 of ∼2.5% in both treatment arms testing either lumacaftor 400 mg twice daily or 

600 mg daily64. In addition, key secondary analyses demonstrated a reduction of CF 

pulmonary exacerbations (pooled reduction of ∼35%), increased BMI (+0.26kg/m2) and a 

statistically significant but modest improvements in a validated symptom score (CFQ-R)64. 

Both combination therapy doses were well tolerated, and most side effects were respiratory 

in nature. The most common significant adverse event in patients was elevation of liver 

function tests, requiring discontinuation of therapy in 7 patients on treatment. Currently, 

patients are being followed in a 52-week open-label extension study of both doses, which 

has exhibited a stable treatment effect upon long-term administration, and indicated a similar 

benefit among patients transitioned from placebo to active combination therapy66.

While the effects of lumacaftor-ivacaftor therapy appear beneficial among Phe508del 

homozygous patients, these effects are modest when compared with ivacaftor monotherapy 

in Class III mutations. Thus, there is strong motivation to develop more robust corrector 

molecules, especially for mutations that are difficult to fully restore, like Phe508del. As the 

community continues to look for effective combinations, the challenges of drug-drug 

interactions must also be considered. The impact of lumacaftor on ivacaftor metabolism in 

vivo60 was managed by increasing the ivacaftor dose. Recent in vitro studies utilizing 

primary cells and cell lines also suggest a deleterious effect of prolonged (> 48hours) 

ivacaftor administration on lumacaftor-corrected CFTR function by making lumacaftor 

corrected Phe508del CFTR67-69 less stable. For all these reasons, the search for the next 

generation of corrector/potentiator combinations must continue.

An alternative first generation corrector to lumacaftor is VX-661, which has a similar 

mechanism to lumacaftor but more advantageous pharmacologic properties. VX-661 has 

also demonstrated additive benefit when used in combination with ivacaftor in individuals 

homozygous for Phe508del CFTR. More robust clinical outcomes were seen in the 

optimized dosing (100 mg or 150 mg dosed daily both in combination with ivacaftor at 150 

mg twice daily), including a 4.6% absolute improvement in FEV1 after 28 days of treatment 

in a Phase 2 clinical trial when compared to placebo70. Unlike lumacaftor, VX-661 was not 

associated with bronchospasm in normal volunteers. These promising findings have 

prompted the initiation of a series of registration-directed studies71. Because of the 

encouraging FEV1 response of VX-661, these Phase 2 and 3 studies include CF patients 

heterozygous for Phe508del CFTR as well as homozygous patients. The Phe508del 

heterozygous patients will be studied in several different cohorts based upon the class of 

mutation on the second allele. Some cohorts will have alleles that are nonresponsive to 

ivacaftor monotherapy in vitro (e.g., Class I, II) and others are responsive (e.g., Class III)32. 

A Phase 2 clinical trial was conducted in patients with Phe508del/Gly551asp genotype 

already receiving ivacaftor to determine if the addition of VX-661 (100 mg daily) for 28 

days provided additional improvement in FEV1 and other clinical measures. FEV1 improved 

by 7.3% as compared with ivacaftor therapy alone. Sweat chloride and quality of life also 
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improved in this cohort, further supporting efficacy data70. Aside from the development of 

VX-661, these data also indicate the potential benefit of maximizing CFTR activity in CF 

patients, even in the Gly551Asp population that has experienced strong and consistent 

effects of ivacaftor38,39

Future Therapeutic Approaches

Other mechanisms of corrector therapy are being pursued. Recently, the direct and indirect 

modulation of the nitric oxide (NO) pathway has been investigated as a possible corrector 

mechanism in F508del-CFTR. Riociguat is an oral soluble guanylate cyclase (sGC) 

stimulator in a NO-independent manner. It increases the sensitivity of sGC to NO, leading to 

increased production of cyclic guanosine monophosphate72. Recently, this drug was 

approved for the treatment of idiopathic pulmonary hypertension and chronic 

thromboembolic pulmonary hypertension (CTEPH)72. Riociguat is currently being studied 

in a Phase 2a trial in CF patients comparing riociguat to placebo for safety, tolerability and 

efficacy endpoints. Similarly, other pharmaceuticals programs have developed a novel class 

of molecules that indirectly increases epithelial and smooth muscle NO via inhibition of S-

nitrosoglutathione reductase (GSNOR), the enzyme which degrades S-nitrosoglutathione 

(GSNO), a bioavailable storage molecule of NO73. GSNOR inhibitor compounds have been 

shown to increase cell surface localized Phe508del-CFTR and CFTR activity in human 

bronchial epithelial cells74 and in a murine model of CF in vivo75, possibly via reduction of 

chaperone-protein direction towards ERAD-mediated degradation of Phe508del CFTR 

protein. A recently completed Phase 1b dose escalation study of the intravenous GSNOR 

inhibitor in CF patients aged 18 years and older demonstrated safety and tolerability in a 

wide range of treatment doses; exploratory efficacy was assessed but demonstrated no 

significant improvements in CFTR activity compared to placebo76. Dose optimization of 

GSNOR inhibitors including a Phase 1b pharmacokinetics and safety study of the oral 

GSNOR inhibitor N91115 (SNO-3) in CF patients homozygous for Phe508del-CFTR has 

been completed. A Phase 2a, placebo controlled study of adults CF patients homozygous for 

F508del-CFTR has been initiated.

Phosphodiesterase inhibitors including sildenafil and other active analogues have been 

shown to improve surface localization of the mutant protein. The same agents augment 

chloride current in F508del CFTR expressing cell lines77, and enhance NPD in CF 

mice78,79, as did the related compound vardanafil80; these effects have yet to be confirmed 

in HBE cells and cell-free systems.

Since misfolded Phe508del CFTR exhibits two fundamentally distinct properties that alter is 

processing (namely NBD1 stability and interdomain assembly), it has been recognized that 

compounds that address these mechanisms independently can exhibit additive or synergistic 

affects49,50,59. Moreover, the global cellular response to misfolded protein may also 

represent a target. For example, treatment of CF cells with histone deacetylase (HDAC) 

inhibitors81 can modulate ER stress, and HDACs such as suberoylanilide hydroxamic acid 

(SAHA), as well as siRNA-silencing, increase levels of Phe508del CFTR in the cell 

membrane82. Additive or synergistic rescue of Phe508del CFTR using more than one such 

strategy may offer hope of achieving ion transport activity sufficient to confer a normal 
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phenotype in CF respiratory epithelia57,83. Pharmacologic activity of such agents have also 

been reported to augment Phe508del CFTR half-life in the plasma membrane through 

altered surface recycling attributed to features of the cellular processing machinery84 or 

reduced endocytic trafficking85.

Conclusions

The past decade has yielded significant success in discovery and therapeutic development in 

the CF field. These new therapies are positively impacting the lives of some individuals with 

CF and the future for patients with the most common CFTR mutations has never been 

brighter. At the same time, the CF community has the unprecedented opportunity to 

understand the physiological changes created by the administration of CFTR modulators41. 

We have begun an iterative translational process where laboratory discovery leads to clinical 

application that yields additional laboratory and clinical knowledge. This translational wheel 

of progress is continuing at a record pace. Currently the Cystic Fibrosis Foundation and 

industry partners are supporting many discovery efforts to identify the future modulators of 

Phe508del CFTR. Whether this research will yield therapeutic approaches with a single or 

multiple drugs in combination is yet to be determined.

In this review, the focus has been on two classes of small molecule drugs that modulate 

dyfunctional CFTR. If these future drug combinations are sufficiently robust to correct 

CFTR function in individuals with only one copy of Phe508del, this modulator approach 

will ideally provide clinical benefit to over 90% of all patients with CF. The community 

cannot rest, however, until 100% of patients benefit. Thus, other approaches such as drugs 

that readthrough premature stop mutations25 and gene replacement or editing27,28 must 

continue.
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Figure 1. Categories of CFTR mutations
Classes of defects in the CFTR gene include the absence of synthesis (class I); defective 

protein maturation and premature degradation (class II); disordered regulation, such as 

diminished ATP binding and hydrolysis (class III); defective chloride conductance or 

channel gating (class IV); a reduced number of CFTR transcripts due to a promoter or 

splicing abnormality (class V); and accelerated turnover from the cell surface (class VI). 

From N Engl J Med, Rowe SM, Miller S, Sorscher EJ, Cystic Fibrosis 352:1992-2001. 

Copyright © 2005 Massachusetts Medical Society. Reprinted with permission.
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Figure 2. Schematic of the molecular mechanism of Phe508del-CFTR
This schematic depicts the proposed mechanisms of abrogated F508del-CFTR function. The 

loss of the phenylalanine residue at the 508 position results in inherent instability of 

nucleotide binding domain-1 (NBD-1) and also promotes ineffective interactions of NBD-1 

with the second membrane-spanning domain (MSD-2) via direct contact of the intracellular 

loop 4 (ICL-4) of MSD-2 with NBD-1. This is a potential molecular target for corrector 

therapy. This inter-domain assembly defect leads to abnormal channel gating and thermal 

and cell-surface instability resulting in increased cell-surface recycling to the ER.
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