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ABSTRACT In this article we analyse the current authorised treatments and trends in early drug
development for cystic fibrosis (CF) in the European Union for the time period 2000–2016. The analysis
indicates a significant improvement in the innovation and development of new potential medicines for CF,
shifting from products that act on the symptoms of the disease towards new therapies targeting the cause
of CF. However, within these new innovative medicines, results for CF transmembrane conductance
regulator (CFTR) modulators indicate that one major challenge for turning a CF concept product into an
actual medicine for the benefit of patients resides in the fact that, although pre-clinical models have shown
good predictability for certain mutations, a good correlation to clinical end-points or biomarkers (e.g.
forced expiratory volume in 1 s and sweat chloride) for all mutations has not yet been achieved. In this
respect, the use of alternative end-points and innovative nonclinical models could be helpful for the
understanding of those translational discrepancies. Collaborative endeavours to promote further research
and development in these areas as well as early dialogue with the regulatory bodies available at the
European competent authorities are recommended.

Introduction
Cystic fibrosis (CF) is the most common autosomal recessive disease among Caucasians and is estimated
to affect about 36000 individuals in the European Union (EU) [1]. Approximately 80000 people in the
world are diagnosed with CF [2], showing wide geographic and ethnic variations, with an incidence of
1 in 2500 Caucasians (the highest incidence is found in the Republic of Ireland, while in Finland CF is
extremely rare) [2–4]. CF is rare in persons of non-Caucasian origin.

CF is caused by mutations in the CF transmembrane conductance regulator (CFTR) protein, a
cAMP-regulated chloride channel expressed primarily at the apical plasma membrane of secretory
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epithelia in the airways, pancreas, intestine and other organs. CFTR is a member of the ATP-binding
cassette transporter superfamily, which differs from other members not only in its structure [5], but
primarily in the function, CFTR being the only ion channel [6–8]. The basic defect due to CFTR
mutations results in poor chloride and bicarbonate transport, which causes dehydration of secretions with
viscous mucus and leads to different, severe pathologies, such as inflammation and chronic airway
obstruction, pancreatic and digestive insufficiency, bowel obstruction, diabetes, hepatic damage, and male
infertility [9–13]. While many organs are affected in CF, pulmonary disease is the major cause of
morbidity and mortality. These features are the hallmarks of CF and result in limited life expectancy [14, 15].

Almost 2000 mutations in the CFTR gene have been identified that can produce a reduction or
loss-of-function phenotype by impairing its translation, cellular processing and/or chloride channel gating
[16]. CF mutations have been grouped and classified into six categories (class I–VI) according to the
different mechanism by which they are known to disrupt CFTR production and function (table 1) [17–20].
Class I mutations include nonsense mutations (e.g. G542X and W1282X), generating premature
termination codons that lead to truncated nonfunctional protein. Class II mutations have little or no
detectable CFTR at the plasma membrane as a consequence of misfolding of the newly translated protein.
This category includes the most common mutation, the deletion of phenylalanine 508 (F508del), present
in one or both alleles in ∼90% of CF patients [2]. F508del CFTR mutation results in misfolded CFTR
channels that are predominantly recognised and degraded by the endoplasmic reticulum quality control
system [21, 22]. Both class I and II impair CFTR protein production and plasma membrane expression,
causing a severe CF phenotype. Class III (e.g. G551D, expressed in ∼4–5% of CF patients) and class IV
(e.g. R117H, R334W and R347P) mutations impair CFTR channel gating and conductance, respectively,
without significant trafficking defects [2, 8, 23, 24]. Class V mutations cause mRNA mis-splicing or
interfere with the promoter activity, whereas class VI mutations reduce CFTR stability, leading to
accelerated channel removal from the plasma membrane [8, 25].

Clinically, CF manifests as a systemic disease showing variable severity and a broad clinical spectrum
depending on the target organs and systems mostly affected [8–10]. One of the pathological hallmarks of
classical CF [26, 27], with impaired chloride and bicarbonate secretion, is characterised by accumulation of
dehydrated, acidified and hyperviscous mucus in the lungs that compromises mucociliary clearance and
bacterial killing [28]. This makes CF airways vulnerable to recurring infections and permanent
inflammation, leading to airway obstruction/destruction, respiratory failure and death [10]. Structural
bronchopulmonary changes occur much earlier in life than previously thought and can be detected shortly
after diagnosis in CF newborns, as part of the European newborn screening in CF [29–31]. Recurrent
exacerbations, typically triggered by acute bacterial infections, promote progressive loss of lung tissue
architecture with bronchiectasis.

The majority of CF patients (∼85%) have pancreatic exocrine insufficiency, even in early infancy, due to
ductal obstruction, which could lead to fat malabsorption and malnutrition [32]. Early gastrointestinal
manifestations include meconium ileus in the newborn patients (10–17%). Sweat glands are most consistently
affected in classical CF, and produce sweat with elevated chloride (>60 mmol·L−1) and sodium concentrations [9].
Moreover, ∼98% of CF males are infertile because of atrophic or absent vasa deferentia [8].

TABLE 1 Classification of gene mutations that cause cystic fibrosis (CF)

Class Mutation examples Mutation mechanism

I G542X, W1282X No functional CFTR protein is synthesised due to the presence of
premature termination codons

II F508del CFTR protein is synthesised but misfolded, keeping it from reaching
the apical cell surface

III G551D, G1349D Full-length CFTR protein reaching the apical cell surface exhibits
abnormal gating (channel persists in the closed state)

IV R117H, R334W, R347P Full-length CFTR protein reaches the apical cell surface but
transport of chloride ions is reduced due to channel pore defect

V 2789+5G>A, 3849+10kbC>T Reduced number of CFTR transcripts due to promoter or splicing
abnormalities

VI 4326delTC, 4279insA Defective CFTR stability at the cell surface; C-terminus mutations
result in accelerated turnover

CFTR: CF transmembrane conductance regulator.
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Current therapies for CF
When CF was first described in 1938 by Dorothy Andersen [33], the predicted survival age of a CF patient
was only 6 months. For patients born in the 1990s, median survival is now predicted to exceed 40 years
[34, 35], with lung disease as the principal cause of morbidity and mortality. This significant gain in life
expectancy is the result of advances in early diagnosis and symptomatic treatments based on vast
improvements in nutrition, control of airway infections and physiotherapy. However, despite great
advances in supportive care and in our understanding of the pathophysiology of the disease, treatment
options that effectively halt progression of the disease and may extend life expectancy are currently limited
to a small minority of relatively rare CFTR mutations [36].

Subsequent to the involvement of the European Medicines Agency (EMA) in medicines for rare diseases
(2000), nine products were approved for CF treatment within the centralised procedure up to December
2016 (table 2). CFTR modulators represent the most promising innovation in CF therapy as they target the
cause of the disease, whereas the other authorised products provide only symptomatic treatments and
include antibiotics, osmotic agents and pancreatic enzyme products.

Antibiotics in CF
Inhaled and systemic (oral and/or intravenous) antibiotic treatment of chronic bacterial infections is still
considered the basis for CF therapy, strongly contributing to the substantially increased life expectancy of
patients in recent decades.

TABLE 2 Cystic fibrosis (CF) products that received a marketing authorisation within the centralised procedure until 2016

Medicinal
product

Active
substance

Date of
authorisation

Marketing authorisation
holder

Approved indication Orphan
medicinal
product#

Cayston Aztreonam
lysine

Sept 21, 2009 Gilead Sciences International
Ltd, Cambridge, UK

Suppressive therapy of chronic pulmonary
infections due to P. aeruginosa in patients with

CF aged ⩾6 years

Yes

TOBI
Podhaler

Tobramycin July 20, 2011 Novartis Europharm Ltd,
Camberley, UK

Suppressive therapy of chronic pulmonary
infection due to P. aeruginosa in adults and

children with CF aged ⩾6 years

Yes

Colobreathe Colistimethate
sodium

Feb 13, 2012 Teva BV, Haarlem,
The Netherlands

Management of chronic pulmonary infections
due to P. aeruginosa in patients with CF aged

⩾6 years

No

Bronchitol Mannitol April 13, 2012 Pharmaxis Pharmaceuticals
Ltd, London, UK

Treatment of CF in adults aged ⩾18 years as an
add-on therapy to best standard of care

Yes

Kalydeco Ivacaftor July 23, 2012 Vertex Pharmaceuticals
(Europe) Ltd, London, UK

Treatment of CF in patients aged ⩾2 years who
have the following mutations in the CFTR gene:

G551D, G1244E, G1349D, G178R, G551S,
S1251N, S1255P, S549N and S549R; it is also
indicated for the treatment of adult CF patients
who have an R117H mutation in the CFTR gene

Yes

Vantobra Tobramycin March 18,
2015

PARI Pharma GmbH,
Starnberg, Germany

Management of chronic pulmonary infection
due to P. aeruginosa in patients with CF aged

⩾6 years

No

Quinsair Levofloxacin March 26,
2015

Chiesi Orphan BV, Schiphol,
The Netherlands

Management of chronic pulmonary infections
due to P. aeruginosa in adult patients with CF

No

Orkambi Lumacaftor/
ivacaftor

Nov 19, 2015 Vertex Pharmaceuticals
(Europe) Ltd, London, UK

Treatment of CF in patients aged ⩾12 years
who are homozygous for the F508del mutation

in the CFTR gene

No

Enzepi¶ Pancreas
powder

June 29, 2016 Allergan Pharmaceuticals
International Ltd, Dublin,

Ireland

Pancreatic enzyme replacement treatment in
exocrine pancreatic insufficiency due to CF or
other conditions (e.g. chronic pancreatitis,
post-pancreatectomy or pancreatic cancer);
indicated in adults, infants, children and

adolescents

No

P. aeruginosa: Pseudomonas aeruginosa. #: for more details about the definition of orphan designation, see section “Trends in CF drug
development”; ¶: Enzepi was withdrawn from the market in July 2017 for commercial reasons.

https://doi.org/10.1183/16000617.0124-2017 3

CYSTIC FIBROSIS | S. PONZANO ET AL.



Cayston was the first CF medicine to be approved by the EMA in 2009 and is indicated for the chronic
pulmonary infection due to Pseudomonas aeruginosa, the major pathogen in CF [37]. The active substance
in Cayston, aztreonam, is a monobactam antibiotic belonging to the “β-lactam” class [38], available as an
injection since the 1980s in the form of an arginine salt, but in Cayston it is formulated as a lysine salt in
a solution that can be nebulised and inhaled directly into the lungs.

Since the introduction of Cayston, four other antibiotics have been approved by the EMA (table 2) for the
treatment of chronic pulmonary infections due to P. aeruginosa. These drugs contain well-known active
principles that are able to either disrupt the bacterial cell wall (tobramycin (TOBI Podhaler and Vantobra)
and colistin (Colobreathe)) or inhibit specific enzymes that the pathogen uses for self-replication
(levofloxacin (Quinsair)). Type of formulation, droplet and particle size, drug output rate, and distribution
of the drug throughout the infected area as well as the type of device used for nebulisation and inhalation
are determinant factors for the overall efficacy of the product [39].

In general, inhalation of antibiotic aerosols (wet and dry) allows topical delivery and results in peak
concentrations at the infection site (airways lumen) that are orders of magnitude higher than those
achieved by i.v. or oral administration [40, 41]. Furthermore, the systemic exposure following absorption
of the inhaled active substance from the lung results in peak serum drug levels that are substantially lower
than those observed with systemic antipseudomonal antibiotic treatments [42]. These factors should in
principle make the new inhaled antibiotics safer and more efficacious compared with earlier treatments
(i.v. and oral), which possess dose-limiting systemic toxicities [18, 37]. According to a Cochrane review, a
pooled estimate of the level of benefit from the use of inhaled antibiotics as a standard for CF patients
infected chronically with P. aeruginosa is still not possible from the available data [43].

Osmotic agents in CF
In 2012, the EMA recommended the approval of a new product for inhalation, Bronchitol, containing
mannitol as an active substance that increases the surface liquid in the airways. This is due to an osmotic
gradient that favours movement of water into the lumen, thereby enhancing mucociliary clearance [44]. In
phase 3 pivotal clinical trials, inhaled mannitol resulted in a modest but statistically significant
improvement of lung function relative to control, as measured by forced expiratory volume in 1 s (FEV1),
forced vital capacity and the incidence of having a protocol-defined pulmonary exacerbation. The product
showed an overall good safety profile over 26 weeks of treatment [45, 46].

CFTR modulators
Since the identification of the genetic cause of CF and the mutations in the gene coding for CFTR protein,
great efforts have been made to develop agents that could target the disease at the CFTR level by
improving the deficient or defective activity of the mutated protein [47]. This strategy was further
supported by the fact that CF is a monogenic disease and the molecular phenotypes of the most prevalent
mutations are known [48].

Ivacaftor (Kalydeco) was approved in 2012 as the first authorised product targeting CFTR, followed by the
combination lumacaftor/ivacaftor (Orkambi) 3 years later. These compounds belong to the class of CFTR
modulators, further classified as potentiators and correctors depending on their action on CFTR. Ivacaftor,
the active substance of Kalydeco, is a potentiator that acts by increasing the open channel probability of
the CFTR channel, thus enhancing the chloride ion flow through the CFTR at the apical surface of cells
[49, 50]. Kalydeco is particularly suited for gating (class III) mutations; it is currently authorised by the
EMA for the treatment of patients aged ⩾2 years with G551D, the main gating mutation, accounting for
∼4–5% of the CF patient population [23], and an additional eight other gating mutations (G1244E,
G1349D, G178R, G551S, S1251N, S1255P, S549N and S549R). Kalydeco is also indicated for the treatment
of adult CF patients who have an R117H mutation in the CFTR gene. In Orkambi, lumacaftor (a
“corrector”) improves intracellular trafficking of the mutant CFTR, allowing the protein to reach the apical
surface [49, 51], where the ivacaftor component is able to enhance the channel function. Orkambi is
currently authorised by the EMA for the treatment of CF patients aged ⩾12 years homozygous for the
F508del mutation.

Pancreatic enzyme products
Enzepi was approved by the EMA in 2016 for the treatment of exocrine pancreatic insufficiency due to CF
or other conditions (e.g. chronic pancreatitis, post-pancreatectomy or pancreatic cancer). The product is a
pancreatic enzyme product containing pancreas powder, an extract derived from porcine pancreatic glands,
which includes multiple enzyme classes such as lipases, proteases and amylases. The approved medicine
catalyses the hydrolysis (in the duodenum and other portions of the proximal small intestine) of fats into
monoglycerides, glycerol and free fatty acids, proteins into peptides and amino acids, and starch into
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dextrins and short chain sugars. Enzepi was demonstrated to be safe and effective in patients with CF and
pancreatic insufficiency, showing significant improvements in the coefficient of fat absorption and
coefficient of nitrogen absorption [52, 53]. However, Enzepi was withdrawn from the market in July 2017
for commercial reasons [54].

Trends in CF drug development
CF is a rare disease and therefore sponsors developing potential new medicines for this therapeutic area
may apply for the status of orphan drugs at the EMA [55].

Applications for orphan designation are examined by the EMA’s Committee for Orphan Medicinal
Products (COMP), whose members are experts representing all EU member states. Sponsors who obtain
orphan designation benefit from a number of incentives, including the possibility to apply for national and
European grants for clinical development (within the Horizon 2020 programme), EMA protocol assistance,
and 10 years market exclusivity in relation to similar products once the orphan medicine is on the market.

To qualify for orphan designation, a medicinal product must meet the following criteria: 1) it must be
intended for the treatment, prevention or diagnosis of a disease that is life threatening or chronically
debilitating; 2) the prevalence of the condition in the EU must not be more than 5 in 10000 or it must be
unlikely that marketing of the medicinal product would generate sufficient returns to justify the
investment needed for its development; and 3) no satisfactory method of diagnosis, prevention or
treatment of the condition concerned can be authorised, or, if such an authorised method exists, the
medicinal product must be of significant benefit to those affected by the condition.

Orphan designation is granted after request from the sponsor and positive evaluation by the COMP.
Medicinal products are usually at an early stage of development (nonclinical and/or early clinical) at the
time of initial orphan designation. For products that are evaluated in a marketing authorisation procedure,
their orphan status needs to be confirmed by COMP, including the demonstration of significant benefit
with respect to the approved products for the same condition. In the case of lack of confirmation of
orphan status at the time of marketing authorisation, a medicinal product can still be centrally authorised
but loses the 10 years of market exclusivity linked to the orphan status.

Between 2001 and 2016, 57 products received an orphan designation and at present only eight of these
products have completed their clinical trial development and been granted a marketing authorisation from
the EMA. Out of these eight products, only four (Cayston, TOBI Podhaler, Bronchitol and Kalydeco) kept
their orphan status at the time of marketing authorisation (table 2). The other authorised products were
withdrawn by the Community Register of designated orphan medicinal products at the request of the
sponsor, after significant benefit was questioned by the COMP at the time of marketing authorisation.
Orphan status was never requested for Enzepi because its therapeutic indication also included more
common conditions such as chronic pancreatitis, post-pancreatectomy or pancreatic cancer.

Supplementary table A gives a good representation of the general trend in CF drug development over
time, while figure 1 classifies the 57 designated orphan products, based on their mode of action. The
majority (74%) act on the symptoms of the disease, with anti-inflammatory compounds (22%) and
antibiotics (21%) being the most frequent classes of medicinal products, followed by drugs acting on
airways clearance (17%) and antibacterials (14%). Enzyme replacement therapy for fat regulation
represents 3% of the overall designated orphan drugs, while the DNA plasmid developed by Imperial
Innovations Ltd represents the only orphan drug for CFTR gene therapy. The remaining products belong
to the class of ion transport modulators. Nine of them (16%) act exclusively on the CFTR protein and are
therefore called CFTR modulators, while the remaining three (5%) act on other ion channels (e.g. sodium
or chloride) and are defined in figure 1 as Na+/Cl− transport modulators.

The discovery of Kalydeco triggered a boost in the search for novel compounds acting as modulators of
the mutated protein (supplementary table A).

From 2008 to 2016, the CFTR modulators represented 23% of the designated orphan products compared
with 8% in the period 2001–2007. However, it is important to highlight that within the nine CFTR
modulators which received orphan designation, four of them (ivacaftor (Kalydeco), lumacaftor, tezacaftor
(i.e. VX-661) and ivacaftor/lumacaftor (Orkambi)) were developed by the same company (Vertex
Pharmaceuticals, Abingdon, UK). Lumacaftor received an orphan designation in 2010 and the fixed-dose
combination lumacaftor/ivacaftor received orphan designation in 2014, which was subsequently withdrawn
at the time of marketing authorisation.

Other CFTR modulators include 4,4′,6-trimethylangelicin (TMA) and two correctors:
8-cyclopentyl-1,3-dipropylxanthine and 2-(7-ethoxy-4-(3-fluorophenyl)-1-oxophthalazin-2(1H)-yl)-N-
methyl-N-(2-methylbenzo[d]oxazol-6-yl) acetamide (FDL-169). TMA combines corrector and potentiator
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activity, together with anti-inflammatory activity. Additional treatments designed to restore CFTR function
are QR-010 and ataluren. The antisense nucleotide QR-010 (developed by ProQR, Leiden, The
Netherlands) targets the F508del mutation, but in contrast to correctors that act on mutant CFTR protein,
it binds to the CFTR mRNA thus preventing its translation. Instead, ataluren (developed by PTC
Therapeutics, Dublin, Ireland) acts exclusively on nonsense mutations, which generate the termination
codons UAA, UAG or UGA and result in a premature termination of polypeptide synthesis during
translation. This drug candidate was intended to promote read-through of premature termination codons
by inserting an amino acid and allowing full-length CFTR protein synthesis. However, a recent pivotal
phase 3 clinical trial of ataluren in patients living with nonsense mutation CF failed to meet primary and
secondary end-points, resulting in the withdrawal of the marketing authorisation application under the
EMA centralised procedure [56, 57].

Analysis of nonclinical end-points in the light of the clinical results of CFTR
modulators
Nonclinical studies are often used by sponsors as proof of concept to demonstrate medical plausibility for
the intended indication and preliminary efficacy in the frame of orphan designation. In fact, out of 57
designated orphan products, 27 received the designation based only on pre-clinical data. This indicates
that pre-clinical studies presented in the successful applications were considered to have the potential of
anticipating effects and clinical relevance of new products in CF treatment.

Published data for ivacaftor, lumacaftor and Orkambi report three pre-clinical end-points used to monitor
CFTR function and therefore evaluate the efficacy of the aforementioned products [50, 51, 58]. A
summary of the published studies performed, including the type of cells and the associated mutations, is
given in table 3.

The first end-point takes into account the total ionic current (IT) due to the cell surface channel density,
gating activity and conductance. This end-point was measured with the use of the Ussing chamber
technique and was applied to Fischer rat thyroid (FRT) cells bearing the G551D or F508del mutations or
primary human bronchial epithelial (HBE) cells from CF patients bearing the F508del or G551D/F508del
CFTR mutations.

The second end-point is the CFTR open channel probability (PO), which represents the fraction of time
that a single CFTR protein channel is open and transports ions. The PO was measured on NIH-3T3 cells
bearing the G551D or F508del mutations.

The third end-point is CFTR maturation, which relies on Western blotting techniques and monitors the
cellular trafficking of CFTR to the apical surface. This study, performed on both FRT and HBE cells
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(17%)

n=12

(21%)

n=13

(22%)

n=9

(16%) n=8

(14%)

n=2
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Mucociliary 

clearance 

agents

Anti-

inflammatory

Antibiotics CFTR

modulators

Antibacterial

agents

Enzyme

replacement

therapy

Gene

therapy

Na+/Cl–

transport
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FIGURE 1 Classification by type of cystic fibrosis (CF) products that received orphan designation during the
period 2001–2016. CFTR: CF transmembrane conductance regulator. 4,4′,6-trimethylangelicin was counted
twice in the histogram, being both a CFTR modulator and an anti-inflammatory agent.
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bearing the F508del mutation, is especially relevant for the two products acting as correctors
(i.e. lumacaftor and Orkambi).

Looking at table 3, a direct comparison of the three products can only be achieved for IT in HBE cells
bearing the F508del mutation and for the PO assay in NIH-3T3 cells. In vitro studies using CF HBE cells
are reported to be the most adequate in vitro model to test the pharmacological action of CFTR
modulators, given that these cells exhibit many of the morphological and functional characteristics
believed to be associated with CF in the lungs, including low chloride transport, excessive sodium
transport, defective fluid regulation and decreased cilia beating [59].

Table 4 shows the results obtained from the in vitro studies (e.g. PO and IT) for ivacaftor, lumacaftor and
Orkambi. In terms of PO, the three products were able to fully restore the CFTR gating activity for both
mutations (results not shown) [50, 51, 58]. However, in terms of IT measurement using HBE cells,
lumacaftor and Orkambi managed to restore the functioning of the F508del CFTR protein in a range of

TABLE 3 Nonclinical end-points used in different cell lines to demonstrate efficacy of ivacaftor,
lumacaftor and orkambi

Nonclinical end-point Cell mutation Ivacaftor Lumacaftor Orkambi

Total ionic current (IT) (FRT cells) G551D ✓
F508del ✓ ✓

Total ionic current (IT) (HBE cells) F508del ✓ ✓ ✓
G551D/F508del ✓

Open probability (PO) (NIH-3T3 cells) G551D ✓
F508del ✓ ✓ ✓#

CFTR maturation (FRT cells) F508del ✓
CFTR maturation (HBE cells) F508del ✓

IT: total ionic current; FRT: Fischer rat thyroid; HBE: human bronchial epithelial; PO: open channel
probability; CFTR: cystic fibrosis transmembrane conductance regulator. #: type of cells not reported.

TABLE 4 Recovery of cystic fibrosis transmembrane conductance regulator (CFTR) functionality
from nonclinical studies, and forced expiratory volume in 1 s (FEV1) and sweat chloride results
from clinical trials for ivacaftor, lumacaftor and orkambi

Product CFTR mutation in
HBE cells in
nonclinical
studies

Recovery of CFTR
functionality

compared with
wild-type %

CFTR mutation in
patients for
clinical trials

FEV1 %
pred

change

Sweat
chloride
change

mmol·L−1

Ivacaftor Homozygous
F508del

<10 Homozygous F508del 1.7¶ −2.9+

G551D/F508del 48 G551D/x mutation# 10.5§ −48.1ƒ

Lumacaftor Homozygous
F508del

14 Homozygous F508del 0.47## −8.2¶¶

Orkambi Homozygous
F508del

25.1 Homozygous F508del 3.3++ −9.5§§

HBE: human bronchial epithelial. #: patients that have the G551D mutation on at least one allele (the “x”
stands for the G551D mutation or any other class I–V mutation [23]); ¶: absolute change in FEV1 % pred
from baseline through week 16 between ivacaftor and placebo groups (the observed change was not
statistically significant) [60]; +: sweat chloride reduction in the ivacaftor versus placebo groups from
baseline through week 16 [60]; §: increase from baseline in FEV1 % pred through week 48 in the ivacaftor
group compared with placebo [23]; ƒ: sweat chloride reduction in the ivacaftor versus placebo groups from
baseline through week 48 [23]; ##: mean percentage change from baseline in FEV1 % pred at day 28 for a
200 mg dose [61]; ¶¶: mean treatment difference in sweat chloride from baseline (−placebo) at day 28 for a
200 mg dose [61]; ++: treatment difference obtained from the pooled data of two phase 3 pivotal studies for
the average absolute change from baseline in FEV1 % pred at week 16 and 24 (dose: lumacaftor 600 mg/
ivacaftor 250 mg) [58]; §§: treatment difference in sweat chloride from a phase 2 trial for the lumacaftor
600 mg once daily/ivacaftor 250 mg once every 12 h homozygous group compared with the pooled
combination placebo group in the mean absolute change from baseline at day 56 [58].
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14–25.1% with respect to the wild-type enzyme. Within this type of assay, ivacaftor showed the lowest and
highest efficacy, with a recovery of the mutant channel activity of <10% [62] and 48% [50] for the
homozygous F508del and G551D/F508del mutations, respectively.

Genotype-to-phenotype studies that correlate in vivo CFTR function with disease severity suggest that a
recovery of the CFTR function >10% based on chloride transport would lead to a milder CF pathology
[63, 64]. The milder disease is characterised by a lower incidence of pancreatic insufficiency, later age at
diagnosis, a more moderate lung function decline and lower sweat chloride levels (∼80 mmol·L−1)
compared with those with minimal CFTR chloride transport (i.e. patients with F508del homozygous CF).
By analysing the outcome from the clinical trials performed with the three products (table 4), a correlation
cannot be established for all the products between the in vitro efficacy data and the results based on the
clinical end-points of the phase 2/3 studies (FEV1 and sweat chloride). Of the three compounds, ivacaftor
demonstrated a significant efficacy both in the in vitro studies using HBE cells from patients with the
G551D/F508del mutation and in the clinical studies performed on patients with at least one G551D
mutation. In this case a stable increase of ∼10% from baseline of the FEV1 levels and a significant decrease
in sweat chloride (48.1 mmol·L−1) compared with placebo at 48 weeks were observed [23].

The CFTR recovery data for the F508del mutation shows that, while a good correlation can be observed
for ivacaftor, where <10% recovery of CFTR activity translated into a nonstatistical significant increase for
FEV1 (1.7%) [60, 62], a 14% CFTR recovery for lumacaftor did not translate into a significant clinical
efficacy, in terms of both FEV1 and sweat chloride [61]. The combination product, Orkambi, which
showed a very promising 25.1% recovery of CFTR functionality, demonstrated only a modest increment in
FEV1 [57]. This data questions the validity of a possible correlation between a milder CF pathology and a
CFTR activity >10%. These results also highlight the need for developing alternative in vitro and/or in vivo
pre-clinical models to better predict the clinical efficacy of these new agents. Recently, the US Food and
Drug Administration extended the label of Kalydeco to patients aged ⩾2 years who have at least one of 23
residual function mutations in the CFTR gene and based its decision, in part, on the results of laboratory
testing, which it used in conjunction with evidence from earlier clinical trials. The same approach in
Europe would have to be endorsed by the Committee of Human Medicinal Products if the company
applied for such extension [65].

Concerning the search of alternative nonclinical models, a promising method based on organoids has been
recently developed [66–68]. With this method, airway and intestinal epithelial cells are cultured within a
gel, where they form spheroid structures with a fluid-filled lumen. Importantly, CFTR activity results in
fluid secretion into the lumen, thus causing organoid swelling. Therefore, the responsiveness of mutant
CFTR to pharmacological modulators is easily evaluated by measuring the extent of swelling. A clear
advantage of working with organoids, particularly those of intestinal origin, is the possibility to start the
culture with a minimal number of cells collected with a biopsy. The high proliferating ability of intestinal
cells allows generation of a large number of organoids that can be used for functional assays. CFTR
residual activity data obtained from organoids and the response to pharmacological CFTR modulators are
well correlated with the intestinal current measurements done on rectal biopsies, an established method to
measure CFTR function [69]. Interestingly, the response to lumacaftor and ivacaftor of organoids from
donors with identical CFTR mutations has been reported to be variable, indicating that the individual
genetic background plays a role in the response to drug therapy [70]. Large datasets can be generated
within weeks from organoid cultures expressing different CFTR genotypes, allowing measurement of
CFTR residual activity and response to CFTR modulators for individual patient’s samples. Such tests
would be impossible with more conventional methods such as intestinal current measurement as a single
evaluation can be done per each biopsy. Of particular importance is the assessment of the correlation
between organoid readout and clinical response to treatments. In a recent study, the different response to
ivacaftor of organoids from two patients with rare CFTR mutations was well correlated with the efficacy of
this drug in vivo [70]. Although the first results of in vitro–in vivo correlation of responses to CFTR
modulators in rectal organoids are encouraging, larger studies are required to better define the
translational potential of this approach. This notwithstanding, the characterisation of CFTR modulators in
rectal organoids represents an important step towards personalised therapy in CF.

Conclusions and recommendations
CF is the most common autosomal recessive disease among Caucasians, and is a systemic disease showing
variable severity and a broad clinical spectrum depending on the target organs and systems affected.
Although many organs are affected in CF, pulmonary disease is the major cause of morbidity and mortality.

The quest of new medicines for CF has contributed to a better understanding of the condition, to a
refinement of its taxonomy and did indeed open new knowledge pathways for the development of disease
modifiers.
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However, the relatively slow progress in developing new therapies for CF and the lack of clinical relevant
efficacy in some recent clinical confirmatory studies indicate, inter alia, some limitations in the
translatability of the current pre-clinical and in vitro models. More robust models and pre-clinical
end-points along with appropriate genotype-to-phenotype studies for a better identification of clinical
predictors are needed to successfully move new molecules from the pre-clinical to the clinical setting and
increase the prediction of the clinical impact for new promising CF products.

A collaborative effort among patient organisations, academic research centres and networks [71], industry,
and private and public investors is required to expand the knowledge base using modern life science tools
including, for instance, organoids, novel in vivo and in silico models digitalisation, and big data science.

Early interaction with regulators is recommended to establish a continued dialogue and guidance on how
to satisfactorily address issues in product development making the best use of the EU innovation offices
network [72] and following the pathways available in Europe to progress novel methodologies [73] and
innovative medicines [74, 75] for the benefit of patients and society at large.
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