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CF muta(ons databases

At present, 2009 mutations in the CFTR gene have been reported including: missense 
(39,6%); frameshift (15,6%); splicing (11,4%); nonsense (8,3%); in frame deletions or 
insertions (2%), large deletions or insertions (2,6%); promoter mutations (0,7%); 
sequence variation (13,4%) and unknown (6,42%).

CFTR mutations are collected in the Cystic Fibrosis Mutation Database that relates to 
the details of discovery of specific mutations (CFTR1; 
http://www.genet.sickkids.on.ca/). 

The Clinical and Functional TRanslation of CFTR (CFTR2, www.cftr2.org) collects clinical 
and experimental data of the most common 276 mutations: CF-causing (242); non-CF 
causing (12); mutations or mutations of varying clinical consequences (19); mutations 
of unknown significance (3). The CFTR2 website uses data from the 88.000 patients 
included in the database to provide information about the clinical signs and symptoms 
associated with specific mutations and the different mechanisms by which mutations 
cause CF disease
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neutrophil elastase, and recurrent episodes of infection.14–16 
The primary hypothesis to explain these clinical features 
is that impaired mucociliary clearance caused by abnormal 
hydration of airway surface liquid is the key underlying 
defect (fi gure 2).7,17–19 This hypothesis has been supported 
by fi ndings in some animal models but not in others. In 
some recently developed animal models such as the cystic 
fi brosis pig and ferret, excessive sodium reabsorption has 
not been observed.7  This fi nding challenges the hypothesis 
that simple hydration is important in the early impairment 
of mucociliary clearance.

CFTR also conducts bicarbonate, and dysfunction of the 
protein changes the pH of airway surface liquid.17–22 An 
important series of experiments using airway surface 
liquid from pig models of cystic fi brosis showed that 
bacterial killing is highly dependent on pH and therefore 
a change in pH might result in impaired innate immunity 
by reducing the function of antimicrobial peptides.23,24 
Airway mucus is also highly dependent on the presence of 
bicarbonate for normal function and reduced anion 
concentrations might cause derangements of mucus 
tethering and detachment, increasing the viscosity of 

airway mucus.23 Thus, it is possible that CFTR dysfunction 
results in multiple consequences to hydration, mucociliary 
clearance, mucus tethering and function, and impaired 
innate immunity, and might also predispose to increased 
intrinsic cellular infl ammation. The relative impact of 
these eff ects of impaired CFTR function might change 
with age and disease progression. This heterogeneity of 
function might also in part explain why there are modest 
eff ects from treatments that are directed against one 
consequence of the basic defect, such as drugs that 
improve mucociliary clearance or antimicrobial agents.25

The cloning of the CFTR gene has resulted in a much 
better understanding of how mucociliary clearance 
works in health and disease. Understanding how airway 
hydration and mucociliary clearance is regulated by 
osmotic forces will benefi t a wide range of other lung 
diseases associated with infection. For example, cigarette 
smoke impairs CFTR function locally and systemically.26,27 
A better understanding of CFTR biology in health and 
disease could help to identify factors at work in lung 
diseases such as chronic obstructive pulmonary disease 
and bronchiectasis and lead to new treatments.28,29

Figure 1: Classes of CFTR mutations
Mutations in the cystic fi brosis transmembrane conductance regulator (CFTR) gene can be divided into six classes. Class I mutations result in no protein production. Class II mutations (including the most 
prevalent, Phe508del) cause retention of a misfolded protein at the endoplasmic reticulum, and subsequent degradation in the proteasome. Class III mutations aff ect channel regulation, impairing 
channel opening (eg, Gly551Asp). Class IV mutants show reduced conduction—ie, decreased fl ow of ions (eg, Arg117His). Class V mutations cause substantial reduction in mRNA or protein, or both, 
Class VI mutations cause substantial plasma membrane instability and include Phe508del when rescued by most correctors (rPhe508del). Reproduced from Boyle and De Boeck.13
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Mutations in the CFTR gene can be divided into six classes. Class I mutations result in no protein production. Class II mutations (including the 
most prevalent, Phe508del) cause retention of a misfolded protein at the endoplasmic reticulum, and subsequent degradation in the 
proteasome. Class III mutations affect channel regulation, impairing channel opening (eg, Gly551Asp). Class IV mutants show reduced 
conduction—ie, decreased flow of ions (eg, Arg117His). Class V mutations cause substantial reduction in mRNA or protein, or both, Class VI 
mutations cause substantial plasma membrane instability and include Phe508del when rescued by most correctors (rPhe508del)
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Figure 1. Classes of cystic fibrosis transmembrane conductance regulator (CFTR) mutations. Cystic 

fibrosis transmembrane conductance regulator mutations are categorized into 6 classes based on the 

mutation function or protein output [5]. A red “x” or arrow indicates where each CFTR mutant 

protein is affected. A common mutation example is listed for each class. * People with CF can have 

more than one mutation; thus, the percentage is representative of the entire population and does not 

add up to 100. Percentages acquired from the Cystic Fibrosis Foundation (U.S., 2017). ** Potentiators 

and correctors provide relief to some people with CF in these classes. Additional mutations have been 

approved for use of CFTR modulators. 

CF gene therapy clinical trials pioneered the logistics of endpoint assays and for CF as well as 
other pulmonary diseases. For example, nasal potential difference (NPD) and forced expiratory 
volume in 1 s (FEV1) were used as clinical outcome measures in CF trials to quantify improvement of 
lung function (as previously reviewed [6]). The improved quality of life following small molecule 
treatment is now shedding light on other disease targets, such as inflammation. Lessons learned from 
these treatments will surely impact future gene therapy clinical trial designs. 

In this review, we will focus on the history of CF gene therapy, beginning with the discovery of 
the CFTR gene, continuing with the major milestones that have impacted the field, and looking to the 
future of CF gene therapy (Figure 2). 

 

Figure 2. Timelines of CF gene therapy eras: Important milestones impacting the CF field are 

represented in timelines at the beginning of each era. The timelines are intended to orient the reader 

to new developments relative to other events and are not comprehensive of all contributions to the 

field (1989–2001). 

Figure 1. Classes of cystic fibrosis transmembrane conductance regulator (CFTR) mutations. Cystic
fibrosis transmembrane conductance regulator mutations are categorized into 6 classes based on the
mutation function or protein output [5]. A red “x” or arrow indicates where each CFTR mutant protein
is affected. A common mutation example is listed for each class. * People with CF can have more than
one mutation; thus, the percentage is representative of the entire population and does not add up to 100.
Percentages acquired from the Cystic Fibrosis Foundation (U.S., 2017). ** Potentiators and correctors
provide relief to some people with CF in these classes. Additional mutations have been approved for
use of CFTR modulators.

CF gene therapy clinical trials pioneered the logistics of endpoint assays and for CF as well
as other pulmonary diseases. For example, nasal potential difference (NPD) and forced expiratory
volume in 1 s (FEV1) were used as clinical outcome measures in CF trials to quantify improvement
of lung function (as previously reviewed [6]). The improved quality of life following small molecule
treatment is now shedding light on other disease targets, such as inflammation. Lessons learned from
these treatments will surely impact future gene therapy clinical trial designs.

In this review, we will focus on the history of CF gene therapy, beginning with the discovery of
the CFTR gene, continuing with the major milestones that have impacted the field, and looking to the
future of CF gene therapy (Figure 2).
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Figure 2. Timelines of CF gene therapy eras: Important milestones impacting the CF field are
represented in timelines at the beginning of each era. The timelines are intended to orient the reader to
new developments relative to other events and are not comprehensive of all contributions to the field
(1989–2001).
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Figure 1. Classes of cystic fibrosis transmembrane conductance regulator (CFTR) mutations. Cystic
fibrosis transmembrane conductance regulator mutations are categorized into 6 classes based on the
mutation function or protein output [5]. A red “x” or arrow indicates where each CFTR mutant protein
is affected. A common mutation example is listed for each class. * People with CF can have more than
one mutation; thus, the percentage is representative of the entire population and does not add up to 100.
Percentages acquired from the Cystic Fibrosis Foundation (U.S., 2017). ** Potentiators and correctors
provide relief to some people with CF in these classes. Additional mutations have been approved for
use of CFTR modulators.

CF gene therapy clinical trials pioneered the logistics of endpoint assays and for CF as well
as other pulmonary diseases. For example, nasal potential difference (NPD) and forced expiratory
volume in 1 s (FEV1) were used as clinical outcome measures in CF trials to quantify improvement
of lung function (as previously reviewed [6]). The improved quality of life following small molecule
treatment is now shedding light on other disease targets, such as inflammation. Lessons learned from
these treatments will surely impact future gene therapy clinical trial designs.

In this review, we will focus on the history of CF gene therapy, beginning with the discovery of
the CFTR gene, continuing with the major milestones that have impacted the field, and looking to the
future of CF gene therapy (Figure 2).
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Figure 2. Timelines of CF gene therapy eras: Important milestones impacting the CF field are
represented in timelines at the beginning of each era. The timelines are intended to orient the reader to
new developments relative to other events and are not comprehensive of all contributions to the field
(1989–2001).
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Abstract: Cystic fibrosis (CF) is an autosomal recessive disease caused by mutations in the cystic
fibrosis transmembrane conductance regulator (CFTR) gene that encodes a cAMP-regulated anion
channel. Although CF is a multi-organ system disease, most people with CF die of progressive
lung disease that begins early in childhood and is characterized by chronic bacterial infection and
inflammation. Nearly 90% of people with CF have at least one copy of the DF508 mutation, but there
are hundreds of CFTR mutations that result in a range of disease severities. A CFTR gene replacement
approach would be efficacious regardless of the disease-causing mutation. After the discovery of the
CFTR gene in 1989, the in vitro proof-of-concept for gene therapy for CF was quickly established in
1990. In 1993, the first of many gene therapy clinical trials attempted to rescue the CF defect in airway
epithelia. Despite the initial enthusiasm, there is still no FDA-approved gene therapy for CF. Here we
discuss the history of CF gene therapy, from the discovery of the CFTR gene to current state-of-the-art
gene delivery vector designs. While implementation of CF gene therapy has proven more challenging
than initially envisioned; thanks to continued innovation, it may yet become a reality.

Keywords: history; viral vectors; animal models; clinical trials; adeno-associated virus; adenovirus;
lentivirus; retrovirus; non-viral vectors

1. Introduction: A Brief Summary of Cystic Fibrosis Today

Cystic Fibrosis (CF) is a common autosomal recessive genetic disease that affects multiple organ
systems. In 1938, Dr. Dorothy Andersen first described the disease as “cystic fibrosis of the pancreas”,
which correlated with malnutrition. Since this discovery, aggressive early interventions have been
established to improve the quality of life of people with CF, however progressive lung disease
remains difficult to manage and is the leading cause of morbidity and mortality. Therapeutic small
molecules [1–3] provide benefit to a growing percentage of people with CF. Although this is astounding
progress, these cystic fibrosis transmembrane conductance regulator (CFTR) modulators are expensive
and require lifetime treatment. A one-time treatment administered early in life for people with CF
might prevent the onset of lung disease. Figure 1 outlines the six classes of CFTR mutations, examples
of each mutation, and the prevalence within the U.S. population of people with CF. Small molecule
therapeutics for each class are also labeled. Individuals may have different mutations on each allele and
individual mutations may fit into more than one category. Furthermore, new mutation subclasses have
been proposed based on the potential corrective therapy potential [4]. As small molecule treatments
continue to improve and expand among different mutations, perhaps additional classes or subclasses
will be added. Although the development of potentiator and corrector small molecule treatments
provide relief for many people with CF, there remains an unmet need for those who have mutations
that do not benefit from these treatments. Thus, gene therapy is a mutation agnostic approach and has
the potential to repair the phenotypic defect for all people with CF.

Genes 2018, 9, 538; doi:10.3390/genes9110538 www.mdpi.com/journal/genes
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Epidemiology and demographics
The remarkable progress that has been achieved by 
improving airway mucus clearance and controlling lung 
infection has changed cystic fi brosis from being 
predominantly a disease of children to now being 
predominantly an adult disorder.3,4,30 The number of 
adults with cystic fi brosis will continue to increase with 
almost all deaths occurring in the adult population.31 
Indeed, for the past 5 years, in countries with well funded 
health-care systems, there have been more adults than 
children with cystic fi brosis. In developed European 
countries, the number of adults with cystic fi brosis has 
been predicted to increase by around 70% by 2025.4 
However, in parts of Europe with less well resourced 
health-care systems, median life expectancy can be in the 
second decade of life because of a historical lack of access 
to treatment.32 The substantial improvement in life 
expectancy in developed countries has resulted from 
delivery of care in well organised, multidisciplinary cystic 
fi brosis centres and use of eff ective drugs to treat 
infection and improve mucociliary clearance.33–35

Cystic fi brosis aff ects many systems in the body and 
the phenotypic eff ects change with age (table 1). This 
progression requires multidisciplinary care and, 
increasingly, age-specifi c expertise. The capacity of 
health-care systems to deal with an increasing number of 
adult patients has been identifi ed as a potential challenge 
because there is currently an inadequate provision of 
adult services in many countries, and in several countries 
adults with cystic fi brosis are still looked after in 
paediatric services.4

Newborn screening
Newborn screening for cystic fi brosis is now implemented 
in most countries with a high prevalence of the disease 
(fi gure 3).36 Newborn screening programmes reduce 
disease severity, burden of care, and costs of care. They 
also prevent delayed and missed diagnoses.37,38 Several 
methods are used, including immunoreactive trypsinogen 
(IRT) testing combined with DNA mutation analysis, 
double IRT testing, and pancreatitis-associated protein 
(PAP) testing.39 The methodology used depends on 
geographical, ethnic, and economic issues, and countries 
should make an independent analysis as to the most 
eff ective protocol that meets local needs. In most 
programmes, IRT testing is followed by testing for a panel 
of common cystic fi brosis mutations. Blood samples are 
taken soon after birth by heel prick. A sweat test should be 
done as the fi nal diagnostic test. Appropriate support for 
parents of newly diagnosed infants and referral to a cystic 
fi brosis care centre are essential in such programmes.37

Screening has identifi ed some children with an 
uncertain diagnosis associated with a positive IRT test, 
one or no identifi ed mutations, and intermediate 
concentration of sweat chloride of 30–60 mmol/L. These 
children should be assessed very carefully and followed 
up because although they are asymptomatic in early 

years, some will develop a cystic fi brosis phenotype as 
they get older.39 These individuals usually have mutations 
associated with residual function of the CFTR protein. In 
the USA, this diagnosis has been called cystic fi brosis 
metabolic syndrome.40

CFTR mutations
Most mutations of the CFTR gene are missense 
alterations, but frameshifts, splicing, nonsense mutations, 
and inframe deletions and insertions have been described.8 
About 15% of identifi ed genetic variants are not associated 
with disease. CFTR mutations can be divided into six 
classes according to their eff ects on protein function 
(fi gure 1).19,41 This approach is helpful because it relates to 
the molecular and cellular processes in gene translation 
and protein processing and has some useful clinical 
correlates (fi gure 4). Class I, II, and III mutations are 
associated with no residual CFTR function and patients 
with these mutations on average have a severe phenotype, 
whereas individuals with class IV, V, and VI mutations 
have some residual function of CFTR protein and have a 
mild lung phenotype and pancreatic suffi  ciency.41 As with 
any system of classifi cation, there are several over-
simplifi cations. For example, although the most common 
northern European mutation, Phe508del, is predominantly 
a class II traffi  cking mutation, around 3% of protein is 
traffi  cked to the cell membrane where it is not functional 
and has properties of a class III gating mutation and a 
class VI mutation.11,19,41 

Figure 2: Eff ects of CFTR dysfunction
ASL=airway surface liquid. CFTR=cystic fi brosis transmembrane conductance regulator. ENaC=epithelial 
sodium channel.
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results in direct and indirect damage from the 
infl ammatory response to airway infection.56 As the 
disease progresses, bronchiectasis develops and people 
with cystic fi brosis become susceptible to a range of 
Gram-negative bacteria. These micro organisms are 
most commonly found in the environment and are only 
associated with human infection in situations where the 
host is immunocompromised or the integrity of the 
host epithelium is compromised.51,57 Pseudomonas 
aeruginosa is the most predominant lung infection in 
cystic fi brosis. A range of other Gram-negative, 
non-fermenting bacteria are becoming more prevalent 
in patients with cystic fi brosis, such as Stenotrophomonas 
maltophilia and Achromobacter spp. These organisms 
have in common constitutive and acquired resistance to 
antibiotics with Gram-negative activity and when 
exacerbations of symptoms occur, patients usually 
require intravenous therapy.58,59

Bacteria from the Burkholderia cepacia complex, 
particularly Burkholderia cenocepacia, have been major 
pathogens in cystic fi brosis and are associated with 
increased mortality.57 Careful infection control has 
reduced patient-to-patient transmission of B cenocepacia 
with a reduction in prevalence in the cystic fi brosis 
population. In addition to Gram-negative bacteria, 
environmental non-tuberculous mycobacteria, 
particularly Mycobacterium abscessus and Mycobacterium 
avium-intracellulare, are increasing in prevalence in 
patients with cystic fi brosis and are diffi  cult to treat 
because they are constitutively resistant to antibiotics.59–61

Recent studies, using next-generation sequencing 
techniques, have identifi ed a much greater range of other 
bacteria in the airway, including obligate anaerobes.62,63 
These bacteria can be detected in the airways of healthy 
individuals. It is not yet clear whether some of these 
other species are pathogenic, but some studies in patients 
with cystic fi brosis have suggested that diversity of the 
bacterial ecology in the lower airway is associated with 
better lung function compared with a very high relative 
abundance of one organism such as P aeruginosa.64–66 
These data raise important questions about the use of 
antibiotics in cystic fi brosis and might explain why some 
studies in which prophylactic antibiotic treatment was 
given to newly diagnosed and young children with cystic 
fi brosis reported an increased prevalence of P aeruginosa 
as a consequence.

Infection control
The high level of transmissibility of many important 
microorganisms that cause infection in the cystic fi brosis 
lung has been a troubling issue during the past three 
decades.67,68 There is strong evidence that B cepacia 
complex organisms, P aeruginosa, meticillin-resistant 
S aureus, and M abscessus can be transmitted from patient 
to patient.68,69 All of these organisms are associated with 
poor clinical outcomes and substantial eff ort is now 
made in cystic fi brosis centres to reduce cross-infection 

and nosocomial spread.70 Many centres now implement 
hygiene practices to ensure no patient-to-patient contact 
and strict isolation policies in clinic and inpatient 
environments.67,68 This strategy has reduced the cross-
infection caused by B cenocepacia, although there is less 
robust evidence for P aeruginosa.71 The negative side of 
such segregation is a loss of peer support between 
patients and the restrictions associated with having 
meetings with only one person with cystic fi brosis in 
attendance. This challenge has been mitigated by use of 
online chat rooms, webcasts, and other uses of social 
media.

Infl ammation in the cystic fi brosis lung
The cystic fi brosis lung is an infl ammatory 
microenvironment.6,51,72 There are some data to support 
the hypothesis that mutations in CFTR make epithelial 
cells intrinsically more pro-infl ammatory compared 
with healthy cells.7,72,73 How important this characteristic 
is in the initiation of infl ammation in the cystic fi brosis 
lung is still debated. It is possible that it has a role in 
early life and as infection becomes a regular and 
subsequently chronic contributor to the airway 
microenvironment, infl ammation is driven predom-
inantly by bacteria, fungi, and viruses. Understanding 
how this microenvironment operates is likely to provide 
important leads to the development of eff ective anti-
infl ammatory therapies. Studies of antiproteases, 
corticosteroids, and non-steroidal anti-infl ammatory 
agents have only identifi ed high-dose ibuprofen as an 
eff ective agent, mainly in teenagers, although this 
treatment is not widely used. Current programmes are 
investigating compounds that promote resolution of 
infections (such as lipoxins, resolvins, and protectins) or 
that protect against protease damage.51,73,74

Figure 4: Relation between phenotype, genotype, and CFTR function in patients with cystic fi brosis, carriers, 
and healthy individuals. CFTR=cystic fi brosis transmembrane conductance regulator.
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pathogenic mechanisms, including airway surface liquid
(ASL) dehydration caused by reduced chloride/bicarbonate
secretion or sodium hyperabsorption, impaired submucosal
gland fluid secretion, intrinsic hyperinflammation, defective
granulocyte and macrophage function, as well as other
mechanisms [8]. Notwithstanding our incomplete knowl-
edge of CF disease mechanisms, it is widely assumed that
CF organ pathology could be alleviated by restoring func-
tional expression of DF508 CFTR at the PM by correcting its
folding defect [10]. In addition, therapeutic efforts are under
development to increase non-CFTR-mediated fluid secre-
tion (by activating calcium-activated chloride channels) and
reduce sodium channel-mediated fluid absorption (by inhi-
biting ENaC, the epithelial Na+ channel), and introduce
functional CFTR with gene replacement therapy [8].

In general, defects in protein conformation, as occurs for
mutant CFTRs, could be rescued by the following: (i)
stabilizing the protein native state with pharmacological
chaperones (PCs) that bind directly to the mutant protein;
and/or (ii) enhancing the protein folding efficiency within
target cells using proteostasis regulators (PRs) [11–13].
Modulation by PRs involves, but is not limited to, altering
the activity of transcriptional, folding and/or membrane
trafficking machinery, as well as impeding the degradation
of partially folded, but functional, conformers at the endo-
plasmic reticulum (ER) or PM [12,13]. This review covers
recent progress in our understanding of DF508 CFTR
folding, processing and functional defects to highlight
potential sites of intervention by PC- and PR-based drug
therapy. We also discuss high-throughput screening (HTS)
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Figure  1 . CFTR predicted structure and folding model. (a) Homology model of human CFTR in the outward-facing configuration. CFTR structure was visualized with
MacPyMOL based on the model of Mornon et al. [99]. The nucleotide binding domains (NBDs) 1  and 2, the regulatory domain (R) and the membrane spanning domains
(MSDs) 1  and 2 of CFTR are color coded, and the F508  amino acid residue is indicated. The interface between the NBDs and the MSDs formed by the cytoplasmic loops (CLs)
1 –4 are shown in the insert. (b) Cooperative folding of WT CFTR (upper panel) and misassembly of DF508  CFTR (lower panel). Whereas individual domains can achieve
loosely folded conformations and domain assembly cotranslationally, the compactly folded, native tertiary structure with native NBDs–MSDs interfaces are formed post-
translationally and minimally requires assembly of MSD1 –NBD1 –R–MSD2 [30]. Thermodynamic and kinetic destabilization of DF508  NBD1  and disruption of NBD1 –CL4 and
CL1  interface compromises the cooperative domain assembly with conformational destabilization of the four domains to variable extents [30,37,39]. The protease
susceptibility of NBD1  and NBD2 increases nearly 2- to 5-fold and 50-fold, respectively, in DF508  CFTR [27,30,45]. The estimated folding free energy of individual domains is
color-coded based on inference from in vitro folding energetic studies and in vivo processing of domain combinations [38 –40].
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CFTR folding by modulating Hsp90 activity, the underly-
ing mechanism of HDAC7 inhibition, which may involve
targeting multiple facets of DF508 CFTR folding, traffick-
ing and degradation at the ER and PM via PRs, remains to
be elucidated.

HTS has produced several classes of small molecule
DF508 CFTR correctors [64]. The bithiazole corr-4a
(Figure 4, bottom) increased DF508 CFTR cell surface
expression after a 12–24 h incubation at 37 8C, resulting
in increased chloride conductance following channel acti-
vation by both a potentiator and cAMP agonist. Follow-on
medicinal chemistry yielded bithiazole analogs with im-
proved potency and pharmacological properties [85,86];
although the EC50 for the best bithiazoles is approximately
300 nM, their maximal efficacy in restoring chloride con-
ductance in primary cultures of DF508 human bronchial
cells is only approximately 8% of non-CF human primary
epithelia [64,75]. The corrector efficacy needed to confer
clinical improvement in CF is unclear, as is the validity of
translating efficacy data from cell culture models to
humans. Screening by Vertex Pharmaceuticals Inc. has
yielded other classes of correctors, with the most promising
compound, VX-809, in Phase II clinical trials [75,87]. Al-
though indirect evidence suggests that VX-809 promotes
DF508 CFTR conformational maturation at the ER and can
restore !15% non-CF channel activity in primary respira-
tory epithelia [87,88], definitive proof for this mechanism of
action remains to be determined. Other small-scale screen-
ing efforts have yielded additional candidate correctors,
including the approved drug glafanine and the phenylhy-
drazone RDR1, as well as a series of compounds from
computational screening [49,89,90]; however, each of these
compounds appear to have low efficacy. Although in silico
drug discovery efforts involving docking computations

have significant potential, success hinges on reliable 3D
structural information of the drug target, which unfortu-
nately is not available for DF508 CFTR.

The molecular mechanisms of corrector action remain
largely unknown. Initial studies of Corr-4a supported a
mechanism of direct bithiazole–DF508 CFTR interaction
and with consequent improved DF508 CFTR folding effi-
ciency, ER escape and PM targeting [64]; selectivity stud-
ies showed that Corr-4a did not rescue other mutant
membrane proteins for which pharmacological or low-tem-
perature rescue is possible. Evidence has also been
reported that Corr-4a interacts with DF508 CFTR in the
ER to promote its folding, stabilizes NBD2, and/or inter-
feres with the channel ubiquitination [91–93]. There is
evidence suggesting a direct interaction between corrector
VRT-325 and DF508 CFTR, as it alters CFTR ATPase
activity [94]. Notwithstanding these and other lines of
suggestive evidence, definitive data are lacking concerning
the biologically relevant target(s) of available correctors.
The one exception is RDR1, which can conformationally
stabilize the mouse DF508 NBD1 [90]  according to differ-
ential scanning fluorimetry and probably binds to DF508
CFTR, a hallmark of a PC. Similar studies performed on
isolated DF508 CFTR may be able assess whether corrector
molecules can directly bind to and conformationally stabi-
lize the mutant channel.

Of the available correctors, the bithiazoles and aminoar-
ylthiazoles appear to at least partially normalize DF508
CFTR folding, as their prolonged incubation results in
greater chloride conductance in response to a cAMP agonist
(without potentiator) [77,95]. In a proof-of-concept study, a
hybrid bithiazole–phenylglycine corrector–potentiator was
synthesized that, when cleaved by intestinal enzymes,
yields an active bithiazole corrector and phenylglycine
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Figure 4. Small molecule potentiators and correctors of DF508  CFTR. Chemical structures of indicated DF508  CFTR potentiators and correctors.
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and often the wider family. The eff ects of having a life-
limiting disease, progressively increasing symptoms 
including exacerbations, and a very high burden of care 
can aff ect behaviour and result in psychological distress.18,112 
In general, psychological distress is related to a negative 
outcome in disease, aff ecting adherence to treatment and 
hospital attendance, more frequent exacerbations and 
hospital admissions, and poor quality of life measures.113,114 
People with cystic fi brosis and their families have to deal 
with growing up, adolescence, and the challenges of 
adulthood while maintaining complex treatment 
programmes, which can take up to 4 h per day to deliver. 
Support from the cystic fi brosis care teams including 
social workers, nurses, and other professionals is crucial in 
helping families to navigate through life events while 
maintaining the best possible health and quality of life.

Recent studies have shown a high prevalence of 
depression and anxiety in patients with cystic fi brosis 
and parent caregivers.114 Such psychological distress 
should be sought and dealt with appropriately using 
support mechanisms, cognitive therapies, or 
pharmacological interventions as appropriate.112 Recent 
guidelines from the US Cystic Fibrosis Foundation and 
the European Cystic Fibrosis Society provide a structure 
for prevention and treatment of anxiety and depression.112 

Interventions to prevent psychological distress, and 
treatment when appropriate, should be available to all 
patients with cystic fi brosis and their families.112,114

Innovative therapies
The recent development of drugs that correct the basic 
defect in CFTR function has substantially improved the 
prospect of eff ective disease-modifying treatment for cystic 
fi brosis.8 The prevention of lung disease with eff ective 
therapies that correct CFTR function is a clear objective 
and might be particularly eff ective if they can be started 
close to the time of diagnosis by newborn screening.

Two approaches have attempted to deliver eff ective 
disease-modifying therapies. The fi rst approach is the 
use of small molecules to modulate the CFTR protein 

and restore functional ion transport. The second 
approach is the use of molecular or gene therapy 
approaches to correct the mutation, at RNA or DNA 
level, and produce a normal CFTR protein that corrects 
mutated CFTR dysfunction by bypassing it.

Small molecule therapy
The fi rst small molecule that has demonstrated effi  cacy is 
ivacaftor.115–117 This drug was identifi ed through high-
throughput screening and subsequently modifi ed to 
optimise its therapeutic eff ect.116 Preclinical studies have 
shown that ivacaftor corrects CFTR-mediated chloride 
transport in most class III mutations, class IV mutations, 
and some other residual function mutations in human 
bronchial epithelial cell cultures,117,118 and restores 
mucociliary function. A subsequent series of clinical 
trials has shown that ivacaftor has a high level of effi  cacy 
in class III mutations, particularly in patients with the 
Gly551Asp mutation (also known as G551D) or eight 
other related gating defects (table 2).118–123 Compared with 
placebo, treatment with ivacaftor improved lung function 
(FEV1) by around 10%, reduced sweat chloride 
concentration by around 60 mmol/L, improved quality of 
life, and reduced the frequency of pulmonary 
exacerbations.119 This drug has also been tested in patients 
with class IV mutations, particularly those with the 
Arg117His mutation.124 In this study, there was no 
signifi cant eff ect on lung function, although ivacaftor did 
reduce sweat chloride concentration by around 
25 mmol/L. In individuals older than 18 years and in 
those with a polythymidine tract variant of 5T, the 
improvement in FEV1 was signifi cant.124 Further studies 
are underway to explore the use of ivacaftor in other 
partially functioning mutations.

The second small molecule strategy has been to target 
patients who are homozygous for the Phe508del 
mutation with a combination of a corrector drug to 
restore traffi  cking of CFTR and a potentiator to make it 
functional.129 Two phase 3 clinical trials of the corrector 
lumacaftor in combination with ivacaftor have recently 

Class Drug Eff ect on sweat chloride Clinical response Ref erence

FEV1 Pulmonary exacerbations

Gly551Asp III Ivacaftor 50% decrease 10% increase 40% decrease 118–122

Gly551Ser, Gly178Arg, Gly1244Glu, 
Gly1349Asp, Ser549Asn, 
Ser549Arg, Ser1251Asn, 
Ser1255Pro

III Ivacaftor 50% decrease 10% increase NK 123

Arg117His IV Ivacaftor 25% decrease 3% increase 
(>18 years)

NK 124

Stop mutations (eg, Gly542X) I Ataluren No change No change No eff ect 125, 126

Phe508del II Ivacaftor plus 
lumacaftor

8% decrease 3% increase 30% decrease 127, 128

FEV1=forced expiratory volume in 1 s. NK=not known. 

Table 2: Summary of clinical trial results of precision medicine-based treatments of CFTR dystinction by small molecules in people with cystic fi brosis, 
by mutation

The improved understanding of cys5c fibrosis (CF) pharmacogene5cs has led to licensing of 

drugs that begin to address the molecular defect caused by certain cys5c fibrosis 

transmembrane conductance regulator (CFTR) muta5ons.

Ivaca@or (kalydeco VX-770) is a corrector iden5fied by high-throughput screening; it is specific 

for the Gly551Asp muta5on 

lumaca@or (VX-809) is a poten5ator specifically targe5ng DF508 muta5on, it shows some 

ac5vity in combina5on with ivaca@or

Ivaca@or and lumaca@or, (orkambi) on going clinical trials


