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Abstract: Cystic fibrosis (CF) is an autosomal recessive genetic condition that is caused by variants in the cystic fibrosis
transmembrane conductance regulator gene. This causes multisystem disease due to dysfunction of the cystic fibrosis transmembrane
conductance regulator (CFTR) ion channel at the apical surface of epithelia. Until recently, treatment was directed at managing the
downstream effects in affected organs, principally improving airway clearance and treating infection in the lungs and improving
malabsorption in the gastrointestinal tract. Care delivered by multidisciplinary teams has yielded incremental improvements in
outcomes. However, the development of small-molecule CFTR modulator drugs over the last decade has heralded a new era of CF
therapeutics. Modulators target the underlying defect and improve CFTR function. Either monotherapy or a combination of modulators
is used depending on the specific genotype and class of CFTR disease-causing variants that an individual has. Both ivacaftor and the
ivacaftor/tezacaftor/elexacaftor combination have been demonstrated to be associated with clinically very significant benefits in
randomised trials and have rapidly been made available as part of standard care in many countries. CFTR modulators represent one
of the best examples of precision medicine to date. They are expensive, however, and equity of access to them worldwide remains an
issue. Studies and approvals are also ongoing for children under the age of 6 years for ivacaftor/tezacaftor/elexacaftor. Furthermore, no
modulators are available for around 10% of the people with CF. In this review, we firstly summarise the genetics, pathophysiology and
clinical problems associated with CF. We then discuss the development of CFTR modulators and key clinical trials to support their use
along with other potential future therapeutic approaches.
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Introduction

Cystic fibrosis (CF) is an autosomal recessive disease that is caused by variants in the cystic fibrosis transmembrane
conductance regulator (CFTR) gene."* Tt is a condition involving the lungs, sweat glands, gastrointestinal and reproductive
tracts among other systems. Traditionally, treatments in CF have involved the multidisciplinary management of downstream
effects of CFTR dysfunction. This has included regular chest physiotherapy and antibiotics to limit the progression of
bronchiectasis, pancreatic enzyme replacement therapy (PERT) to prevent malabsorption and optimise nutrition, and
screening for and treatment of CF-related diabetes (CFRD) and liver disease (CFLD).? Identification of patients with CF
via newborn screening has facilitated early intervention and implementation of these therapies in many countries.> Despite
these efforts, the median age of survival for people with CF was around 40 years in 2010.* The main cause of morbidity and
mortality being chronic and progressive respiratory disease requiring lung transplantation in eligible patients.’

The recent development and availability of ‘CFTR modulators’ has been a major breakthrough for people with CF.
These therapies function by targeting the underlying defect in the CFTR protein and a previously life-limiting disease
may have a significantly improved outlook in the future.

In this review, we briefly outline the pathophysiology of CF then describe and discuss the development of CFTR
modulators along with other strategies that hold promise for the future of CF therapeutics.
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Pathophysiology of CF

The CFTR Gene and Protein

The CFTR gene is located on the long arm at position q31-32 of chromosome 7.° It encodes the CFTR protein, which
consists of 1480 amino acids. CFTR is expressed at the apical surface of secretory epithelia including the sweat duct,
respiratory system, pancreas and reproductive system. CFTR is a unique member of the ATP-binding cassette protein
family in that it functions as an ion channel, transporting chloride and bicarbonate across the apical cell surface.” CETR
is comprised of two homologous units, each containing a membrane-spanning domain (MSD 1 and MSD2), which form
the ion channel pore across the plasma membrane and these are each connected to a cytoplasmic nucleotide-binding
domain (NBD1 and NBD2). The homologous units are linked by a regulatory (R) domain (Figure 1). R domain
phosphorylation, NBD-ATP binding and dimerization and subsequent MSD conformational change lead to CFTR
activation, pore opening and gating of chloride secretion.®’

CFTR Variants
Over 2000 CFTR variants have been described (Cystic Fibrosis Mutation Database http://www.genet.sickkids.on.ca).

Only a relatively small proportion of these are disease-causing and these pathogenic variants (or mutations) have been

classified according to their cellular and functional consequences (Table 1 and Figure 2). Class I variants arise from
nonsense, frameshift or mRNA splicing defects and lead to either no protein synthesis or translation of a truncated
protein.'® In class II variants dysfunctional protein processing causes an abnormally folded CFTR protein that cells
mostly degrade with very little or no functional protein reaching the apical membrane. In class III variants although
CFTR reaches the cell surface, channel gating is impaired. Class IV variants are principally conductance defects where
CFTR is able to open and close, but chloride transport is reduced.'' Class V variants reduce the quantity of CFTR
produced at the cell surface due to transcriptional regulation limitation.'? Class VI variants affect CFTR stability at the
cell surface and result in increased protein turnover.'?

This classification has provided a useful way to understand associated degrees of disease severity and response to
different CFTR modulator therapies. Although many variants fall into specific classes, this is not always the case.
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Figure | Current understanding of CFTR structure. Reprinted from Pinto MC, Silva IAL, Figueira MF, Amaral MD, Lopes-Pacheco M. Pharmacological Modulation of lon
Channels for the Treatment of Cystic Fibrosis. | Exp Pharmacol. 2021;13:693-723. Copyright © 2021 Pinto et al. This work is published and licensed by Dove Medical Press
Limited.”® CFTR structure is composed of five functional domains: two transmembrane domains (TMD| and TMD2), two nucleotide-binding domains (NBD| and NBD2)
and an intrinsically disordered regulatory domain (RD). Ribbon diagram of two conformations of human CFTR: dephosphorylation, ATP-free conformation (left, PDB:
5UAK) (data from Liu et al 2017) 190 and phosphorylated, ATP-bound conformation (right, PDB: 6MSM) (data from Zhang et al 20I8)‘IOI Notably, only a small portion of RD
is depicted as most of its structure remains undetermined due to being intrinsically unstructured.
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Table | Classes of CFTR Disease-Causing Variants

Class | Class Il Class Il Class IV Class V Class VI
Description of Protein Protein trafficking Channel Channel Reduced protein Plasma membrane CFTR
defect synthesis gating conductance synthesis stability
Examples G542X F508del G551D RI17H 3272-26A—G, c. 120del123
W1282X N1303K S549R DII152H 3849+10 kg C—T rPhe580del
R553X 1507del G1349D R347P
Therapeutic Genetic Corrector (and Potentiator | Potentiator Amplifier Stabiliser
approach therapies potentiator)

Read-through
agents

Available drugs | — Elexacaftor/ tezacaftor/ Ivacaftor Ivacaftor - -
Ivacaftor
Lumacaftor/ Ivacaftor

Tezacaftor/ ivacaftor

F508del, for example, is the most common CFTR variant, arising from a deletion of phenylalanine at position 508. As
a result, CFTR is misfolded (class II) but gating (class IIT) and stability (class VI) defects are also present.”

Clinical Features, Diagnosis and Management of CF

As mentioned already, several organs are affected in CF. The sweat glands and ducts function abnormally and in addition
to genetic testing, measurement of sweat chloride is an important clinical test of CFTR function. Normally, the sweat
gland secretes salt and water, which is then reabsorbed by the sweat duct. In CF, the sweat duct fails to absorb chloride,
leading to a rise in salt concentration in the sweat.'*

The lungs are severely affected in CF and progressive respiratory disease causes significant morbidity and indeed
mortality. In the healthy airway, epithelia have a thin layer of liquid at the apical surface, known as the airway surface
liquid (ASL). CFTR-mediated ion transport maintains ASL hydration, which is essential for physiological mucociliary
clearance. In CF, dysfunctional ion transport disrupts ASL homeostasis.'> The viscoelastic properties of airway mucus
are abnormal with several hypotheses proposed to explain this including the effects of ASL dehydration, reduced
bicarbonate secretion leading to an acidic airway environment and impaired innate defense mechanisms against bacterial
infection.>”'>"'7 This leads to a build-up of viscous secretions, mucus obstruction and chronic infection and
inflammation.'® Staphylococcus aureus and Haemophilus influenzae are common pathogens detected in the lungs of
children with CF in the first decade of life, while in older children Pseudomonas aeruginosa dominates with increasing
rates of colonisation by early adulthood.'® Antibiotics are used to target specific pathogens as a strategy to minimise
infection. Mucus clearance is improved with mucolytics drugs such as nebulised dornase alfa and hypertonic saline
combined with regular chest physiotherapy and airway clearance techniques.”®

Exocrine pancreatic insufficiency (PI) arises in CF due to the thick secretions that block the pancreatic ducts. This
leads to decreased digestion and absorption of fats, protein and the fat-soluble vitamins A, D, E and K.** Up to 85% of
the people with CF have PI and require long-term pancreatic enzyme replacement therapy and replacement of fat soluble
vitamins.*?*> Careful monitoring of growth and nutrition is therefore essential in PI patients.”**’ Accumulation of viscous
material within the bowel can cause obstruction, presenting as meconium ileus in the neonatal period or leading to distal
intestinal obstruction syndrome (DIOS) in older children and adults.**

In the liver, CFTR is expressed in the bile ducts, regulating the fluid and electrolyte content of the bile. A wide
spectrum of liver disease may occur in people with CF, from steatosis and neonatal cholestasis to more severe multi-
lobular cirrhosis necessitating liver transplantation.”®
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Figure 2 Schematic diagram of different CFTR mutation classes. Mutation classes |, Il, V and VI result in an absence or reduced quantity of CFTR protein at the cell
membrane, whereas mutation classes Ill and IV influence the function or activity of CFTR at the cell membrane. Potentiators increase the function of CFTR channels
expressed at the apical surface of epithelial cells; for example, ivacaftor increases the probability of Gly551Asp-CFTR channel opening. Correctors improve the intracellular
processing and delivery of mutant CFTR protein, allowing more to reach the cell surface; for example, tezacaftor in Phe508del-CFTR. Adapted from Brodlie M, Haq IJ,
Roberts K, Elborn JS. Targeted therapies to improve CFTR function in cystic fibrosis. Genome Med. Sep 24 2015;7:101. This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/).8”

CFRD affects around 40-50% of the adults with CF.** CFRD is caused by a relative insulin deficiency due to
pancreas destruction and it shares some characteristics of both type I and type II diabetes with both islet cell loss and
insulin resistance.*”

Fertility is also affected in CF. In the male reproductive tract, congenital absence of the vas deferens and azoospermia

1.31

frequently leads to infertility; however, assisted fertility techniques are successful.” Women have an anatomically

normal reproductive tract, but cervical mucus abnormalities can lead to subfertility.?
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Table 2 Definitions of CFTR Modulator Types

Modulator Type Summary of Action

Potentiators Restore or enhance channel gating and therefore chloride transport by CFTR at the cell membrane
Correctors Improve CFTR protein folding, processing and trafficking to the cell membrane

Read-through agents Supress premature stop codons in nonsense mutations to restore CFTR protein production
Amplifiers Stabilise CFTR mRNA to increase the amount of immature CFTR protein produced

Targeting CFTR Function with Small-Molecule Drugs

The ability to classify and understand the functional effects and molecular biology of common disease-causing CFTR
variants has been pivotal in enabling the development of ‘CFTR modulators’ to ameliorate underlying defects and restore
CFTR function. These include “potentiators™ targeting specifically class III and IV variants and “correctors” used in
combination with potentiators for class II variants (see Table 2). These drugs are now clinically available for the majority
of people with CF and are the main focus of this article. Other pharmacological approaches include “read-through”
agents for class I, “stabilisers” for class VI and “amplifiers” to increase translational efficacy across a range of variant

classes, which are all also briefly summarised.

Potentiator Therapies: Ivacaftor as an Example

Ivacaftor (VX-770 or Kalydeco™, Vertex Pharmaceuticals) was the first CFTR potentiator approved for clinical use. It
was initially licensed in Europe and the US for patients over 12 years with at least one copy of the gating G551D CFTR
variant in 2012. It has since been approved for a variety of other disease-causing variants both as single therapy and in
combination with other modulator drugs and for infants as young as 4 months of age with gating variants.

Ivacaftor was identified through high-throughput screening of over 200,000 compounds.®? In vitro studies in cell lines
and primary human bronchial epithelial cell cultures (HBEs) showed that ivacaftor potentiated CFTR function, which
improved chloride secretion and restored airway surface hydration and ciliary function in HBEs expressing G551D
CFTR.*? A definitive mechanism of action for ivacaftor has thus far remained elusive; however, there is evidence to
suggest a unique phosphorylation-dependent mechanism increases channel open probability.33 In 2019, cryo-electron
microscopy revealed an ivacaftor binding site in the transmembrane region of CFTR.**

The first Phase 3 randomised placebo controlled trial (RCT) to evaluate the efficacy of ivacaftor was performed in
161 patients >12 years with at least one G551D CFTR variant over 48 weeks.>> Those treated with ivacaftor had
a significant increase in percent predicted forced expiratory volume in 1 second (ppFEV)) of 10.4 percentage points from
baseline. Statistically and clinically significant benefits in quality of life, weight, reduced pulmonary exacerbations and
sustained improvement in sweat chloride were also evident. A subsequent RCT of 52 participants aged 6 to 11 years with
at least one G551D CFTR variant demonstrated a significant increase in mean ppFEV, of 12.5 points at 24 weeks.*® This
was sustained at 48 weeks with a 10-point increase in ppFEV1 along with improvements in weight, parent/carer reported
quality of life and sweat chloride.*® Ivacaftor was later found to be efficacious in patients over 6 years and those aged 2—5
years leading to extended approvals for use in these younger patients.’’ >’

Ivacaftor efficacy was also assessed for the residual function mutation, R117H in patients aged 6 years and over.*’
Although an absolute increase in ppFEV, of 2.6 points was seen at 24 weeks, this was not statistically significant.
However, significant improvements in sweat chloride and quality of life were observed. Notably, subgroup analysis
showed that ppFEV1 significantly improved by 5 points in participants aged 18 years or older, but this was not apparent
in those aged 6-11 years. An open-label extension study showed significant improvements in ppFEV1 of 5.5 from
baseline in patients taking ivacaftor after a washout period.*’

Ivacaftor is now approved by the US Food and Drug Administration (FDA) for patients aged over 4 months who are
heterozygous for nine gating variants and R117H. Data from the 24-week open-label safety study (ARRIVAL) demonstrated
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a similar safety profile to that seen in older children and adults.*' In 2021, licensing for ivacaftor in the UK was extended to
include a number of other variants of “varying clinical consequence” partially as a response to the COVID-19 pandemic.*?

Corrector and Potentiator Combination Therapies

Lumacaftor/lvacaftor (Orkambi™)

Lumacaftor (VX-809, Vertex Pharmaceuticals), in combination with ivacaftor, was the first CFTR corrector to be
licensed for clinical use by the FDA. It was identified via high throughput screening of small molecules aiming to
increase chloride transport in cells expressing F508del CFTR. Initial in vitro studies were promising and demonstrated
a fourfold increase in chloride transport.*> A subsequent Phase 2 clinical trial caused a modest reduction in sweat
chloride, and although was not adequately powered to assess clinical outcomes, unfortunately did not live up to the
promise in lung function outcomes as suggested by the in vitro data.**

Considering the combined effect of abnormal CFTR folding and conductance evident in F508del, the combination of
both a corrector and potentiator therefore appeared a promising strategy to address both defects. Early clinical trials
suggested that the combination of lumacaftor/ivacaftor improved both sweat chloride and lung function in F508del
homozygous patients.*’

In 2015, the results from two, phase 3, parallel group RCTs demonstrated a modest improvement in lung function in
the ivacaftor/lumacaftor cohort.*® Absolute ppFEV1 increased by 2.4—4 points over the 24-week study period.
A reduction in pulmonary exacerbations was also noted (30% for 600mg once daily and 39% for 400mg twice daily).
Adverse events reported more frequently in the treatment group were respiratory in nature, including most commonly
chest tightness (10.8%) and dyspnoea (14.9%).

Subsequently, phase 3 studies were performed in a younger population. Lumacaftor/ivacaftor combination therapy in
F508del homozygous patients aged between 6 and 11 years led to an improvement in absolute ppFEV1 of 2.4 points
versus placebo and a significant reduction in sweat chloride (—20.8mmol/1).*’ Given the relatively well-preserved lung
function of this younger population lung clearance index values were measured alongside traditional spirometry, as
a more sensitive marker of early lung damage. The absolute change in lung clearance index was —1.09 (—1.43 to —0.75)
for treatment versus placebo. A similar rate of adverse events was reported when compared to trials in adult populations.
A phase 3 study of lumacaftor/ivacaftor in F508del homozygous children aged between 2 and 5 years demonstrated
comparable safety data and a significant reduction in sweat chloride.*®

Lumacaftor/ivacaftor (Orkambi™) is currently licensed for use in the UK, Europe, the US and Australia for those
who are over 2 years and F508del homozygous.

Tezacaftor/lvacaftor (Symkevi™)

Tezacaftor is a corrector similar in structure to lumacaftor. It has comparable efficacy but importantly fewer reported
adverse effects compared with lumacaftor/ivacaftor, which have led to high discontinuation rates. A phase 3 RCT
published in 2017 evaluated the efficacy and safety of tezacaftor/ivacaftor combination therapy versus placebo in
F508del homozygous patients aged 12 years and older.*” It reported an increase in absolute ppFEV, of 4.0 points and
a 35% reduction in pulmonary exacerbations in the treatment group. The rate of adverse events was similar in both
treatment and placebo groups. Importantly, in contrast to lumacaftor/ivacaftor there was no increase in adverse
respiratory events in the treatment group. A further trial investigating tezacaftor/ivacaftor in patients who had stopped
treatment with lumacaftor/ivacaftor due to adverse respiratory events supported these findings.’® It demonstrated no
increased rate of respiratory events with tezacaftor/ivacaftor compared to placebo and no patients in the trial discontinued
treatment due to respiratory events.

Following on from successful trials in F508del homozygous patients an RCT investigated tezacaftor/ivacaftor in hetero-
zygous patients with a single F508del mutation and a second mutation associated with residual CFTR function.’' This trial
demonstrated a significant improvement in the absolute change in ppFEV 1 in patients taking both ivacaftor monotherapy (4.7)
and tezacaftor/ivacaftor (6.8) with a modest but significant difference favouring combination treatment.
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More recent Phase 3 trials investigating the effects of tezacaftor/ivacaftor in people heterozygous for F508del and
either a minimal function or gating variant did not show significant improvements in lung function, despite a favourable
safety profile in both studies.’*>>

Tezacaftor/ivacaftor (Symkevi™) is currently licensed for use in homozygous F508del patients or heterozygous
F508del patients with one residual function mutation. After further phase 3 trials confirmed safety and efficacy in
a younger age group, both the FDA and subsequently the European Commission extended the licence to include children

aged 6 years and older.

Elexacaftor/Tezacaftor/Ivacaftor “Triple Therapy” (Kaftrio™ or Trikafta™)

Whilst double combination therapy had significantly advanced treatment of people with F508del, improvements in sweat
chloride and pulmonary function were relatively modest. Furthermore, around 30% of individuals heterozygous for
F508del and a minimally functioning mutation did not respond to an available modulator treatment.>* Sustained efforts to
improve processing and trafficking of the F508del CFTR protein led to the addition of a second CFTR corrector. The
rationale for this was based on the observation of synergistic effects of correctors with different proposed mechanisms/
sites of action.>® Four agents were identified that showed promise in early preclinical and clinical trials. From these, the
VX-445 and VX-659 compounds were selected for further investigation based on efficacy and side effect profiles.

In vitro investigation showed that when used alongside tezacaftor/ivacaftor, both compounds significantly improved
F508del CFTR processing, trafficking and chloride transport when compared to tezacaftor/ivacaftor alone. In patients,
efficacy was demonstrated in both F508del homozygous and heterozygous individuals, including those with a minimally
functioning second mutation, as described below.’>>°

Phase 2 clinical trials were constructed with two separate arms. The first arm, in homozygous patients, allowed
comparison of triple therapy with the next best current treatment of tezacaftor/ivacaftor alone. The second arm included
heterozygous patients with a minimally functioning second variant. Since no current CFTR modulator therapy was
recommended for this group of patients, triple therapy was compared with placebo. In homozygous patients both
compounds demonstrated a significant improvement in ppFEV; (VX-445: 11.0 and VX-659: 9.7 point increases).
Crucially, a marked improvement in ppFEV, was demonstrated in the heterozygous study group (VX-445: 13.8 and
VX-659: 13.3 point increases). Reported adverse effects for both compounds were largely mild or moderate.>>-°

Results of follow-on phase 3 clinical trials exceeded expectations. In heterozygous individuals treated with VX-445
triple therapy, there was an improvement in ppFEV, of 13.8 points at week 4 and 14.3 points by week 24 when compared
with placebo.>” On average, pulmonary exacerbation rates were 63% lower, sweat chloride had reduced by 41mmol/L
and body mass index increased by 1.04kg/m? over the trial period.

Results were also impressive in the homozygous population with an increase in ppFEV; of 10 points and a reduction
in sweat chloride of 45.1mmol/l at 4 weeks when compared to dual tezacaftor/ivacaftor therapy.’® The study period for
this arm was reduced as previous trials in this population had confirmed that improvements seen at 4 weeks were
sustained at 24 and 48 weeks. Safety data for both trials were reassuring with predominantly mild or moderate events and
similar levels of events reported in both placebo and treatment groups. A greater number of participants in the treatment
arm had raised liver transaminases (10.9% vs 4%).

VX-659 progressed to further phase 3 trials with encouraging outcomes.”**® However, based on safety and efficacy
data VX-445 was selected as a preferable compound to take forward and is marketed by Vertex Pharmaceuticals as
elexacaftor.®!

Based on the above data, the FDA approved the triple combination of elexacaftor/tezacaftor/ivacaftor for use in
patients aged >12 years with at least one F508del mutation in October 2019, just 2 months after application. At the time
of writing, January 2022, the FDA, the UK Medicines and Healthcare products Regulatory Agency and the European
Medicines Agency have now expanded approval in children aged 6 to 11 years with at least one F508del mutation or
CFTR disease-causing variants that show in vitro responses to treatment.®?

In 2021, a phase 3 RCT of patients aged 12 years and over with a combination of either F508del and a gating
mutation or F508del and a residual function mutation found that elexacaftor/tezacaftor/ivacaftor increased ppFEV, by 3.5
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points in patients already receiving ivacaftor or tezacaftor/ivacaftor at the start of the trial, with added significant
improvements in sweat chloride.®?

“Real-World” Experience of Modulator Therapies

The clinical trials outlined above have been vital in enabling access to modulator therapies. However, such trials
represent a relatively stable population selected from strict inclusion and exclusion criteria. Data derived from “real-
world” post-licensing observational studies may in fact better represent patient populations who would have otherwise
been excluded from clinical trials.

As the first licensed CFTR modulator, the majority of published real-world data relates to ivacaftor treatment. One
systematic review of 57 observational studies, including the large GOAL study in the US, investigated the impact of
ivacaftor in adult and paediatric populations up to a 5-year period and demonstrated that in the majority of cases, the
mean absolute change in ppFEV, from baseline increased by 5-10 percentage points.°* A recent longitudinal, single-
centre, study of adults with G551D showed that acute benefits in ppFEV| were not sustained and at 5 years ppFEV; had
declined to pre-treatment levels in those individuals.®® This is in keeping with the findings from the multicentre
prospective GOAL study of G551D patients over 5.5 years, which also showed that adults demonstrated greater sustained
benefits in ppFEV, than children.®® It is possible that ivacaftor treatment has long-term implications on preservation
rather than absolute increase in lung function, as demonstrated in the larger systematic review, where lung function was
in fact better preserved in ivacaftor-treated cohorts for up to 5 years compared with cohorts that had not received any
modulator treatment at all.** Notably, GOAL demonstrated significant decreases in pulmonary exacerbations and
infection with Pseudomonas aeruginosa and Aspergillus spp. Improvements in quality of life have been found to be
sustained at 5.5 years.*®

At present, the implications of modulators on the overall burden of care for people with CF is unclear; however, it is
anticipated that this will be alleviated in the future. One aspect that remains to be determined is the impact on pancreatic
exocrine function and need for PERT. A paediatric study of 28 children has shown a significant reduction in PERT
consumption after 1 year of ivacaftor treatment, but further data is currently lacking and it has only been published in
abstract form.®” Long-term studies in the UK and US of other CF-related co-morbidities have shown that although CFRD
prevalence increases in both ivacaftor-treated and untreated cohorts at up to 5 years from baseline, the magnitude of this
increase was lower in ivacaftor-treated cohorts.®* Individuals treated with ivacaftor have also shown improvements in
BMI, lower rates of bone/joint disease, depression and hepatobiliary complications, with reduced frequency of organ
transplantation in those with severe disease compared to untreated cohorts both in the UK and US.** Notably, ivacaftor
treatment in those with advanced CF disease in the UK and Ireland, who were part of a compassionate use programme,
was associated after 3 years of treatment with a lower rate of death.®®

The impact of lumacaftor/ivacaftor treatment was evaluated in a recent large French multi-centre study and showed
that although treatment was associated with ongoing improvements in ppFEV, nutritional status and requirements for
intravenous antibiotics, there were no significant improvements in HbAlc or levels of fat-soluble vitamins.
Eighteen percent of patients discontinued treatment due to predominantly respiratory adverse events including chest
tightness and bronchospasm, which were more apparent in those with severe disease (ppFEV, <40%).%

Information relating to the real-world impact of elexacaftor/tezacaftor/ivacaftor is currently limited due to its
relatively recent approval. Importantly, there is some evidence of clinical benefit in people with advanced lung disease,
a cohort of patients who have not been included in clinical trials yet there is an urgent need for effective treatments.””
A case series of patients with advanced lung disease receiving elexacaftor/tezacaftor/ivacaftor as part of a managed
access programme in Ireland showed significant improvements in ppFEV,, BMI and CFRD.”' Careful consideration is
required of clinically significant drug interactions, especially following transplantation, for example, with calcineurin
inhibitors or azole antifungals.”®

Post-licensing studies also suggest that there is a higher frequency of reported adverse events with lumacaftor/
ivacaftor compared with other modulators, which are more pronounced in those with severe lung disease. These are
predominantly respiratory in nature and include symptoms of dyspnoea and chest tightness, often occurring at treatment
initiation but have led to discontinuation in up to 30% of the patients.*’®’? These effects have not been seen with
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ivacaftor alone, or with other modulator combinations, raising the suggestion that they may be specific to lumacaftor.
Several strategies have been used to minimise these effects including reducing the starting dose and co-administration
with an inhaled bronchodilator in patients with severe disease.”’

Elevated blood pressure has been reported in clinical trials for lumacaftor/ivacaftor and elexacaftor/tezacaftor/
ivacaftor.”? Other reported adverse events include liver enzyme derangement, which is typically transient, headache
and fatigue specifically reported with lumacaftor/ivacaftor and rash with all available modulator combinations, but these
effects are seldom associated with cessation of treatment.”? Rarer events associated with all modulators include elevated
creatinine kinase levels, which have been reported in both clinical trials and population-based studies and have shown an
association with increased physical activity.”* Cataracts have also rarely been reported with ivacaftor monotherapy and
lumacaftor/ivacaftor treatments and form the basis of guidance around regular eye screening at baseline and annually for
those receiving treatment.””

There have been reported negative associations of CFTR modulators on mental health, but the exact mechanisms for
this remain unclear. Visual hallucinations, migraine and sleep disturbance have been reported in a small number of
individuals receiving tezacaftor/ivacaftor and there are reported cases of depression and anxiety with lumacaftor/
ivacaftor.”? A recent case series of six patients receiving elexacaftor/tezacaftor/ivacaftor reported short-term memory
loss, insomnia, “brain fog”, and word-finding difficulty from 1 month of starting treatment.”> Symptoms resolved by
stopping treatment, dose reduction or swapping the morning and evening doses where insomnia was a significant factor.
Further work is required to determine the long-term effects of modulator therapies on mental health, particularly at the
time where the mental health of many people has suffered during the COVID-19 pandemic.

Clearly, as further experience with modulator therapies increases, there is a significant need to monitor and report
adverse events that may arise in the future. This highlights the importance of working closely with pharmacy colleagues
within the CF multi-disciplinary team to consider strategies to reduce adverse events and minimise drug interactions.
Furthermore, whilst significant improvements in BMI and nutrition are very much welcomed in patients with severe
disease, the role of the specialist dietician in CF care is evolving to manage the emerging challenges of excessive weight
gain and obesity particularly in children and those with more stable disease.

Therapies in Development
Read-Through Agents

Despite the welcome successful development of CFTR modulator therapy for many people with CF, different approaches
are required to target other classes of CFTR variants. Specifically, class I variants caused by premature termination
codons (PTCs), result in a shortened dysfunctional CFTR protein and a severe clinical phenotype.”* Therapeutic
approaches to these variants include read-through agents, which promote the production of full-length CFTR. Ataluren
is one such compound that despite showing early promise did not show benefit in larger clinical trials.”*’® Clinical
investigation of other read-through agents, including ELX-02 (Eloxx Pharmaceuticals), is currently underway, and the
results are awaited.

Amplifiers

Amplifiers are compounds that stabilise CFTR mRNA and increase the amount of immature CFTR protein produced.’”-”®
They were identified through high throughput screening and are of relevance to class V variants or, in combination with
correctors and potentiators, all other variants except those where no mRNA is generated. Beneficial effects have been
demonstrated in preclinical studies and are yet to be investigated in clinical trials.

Other Potentiators and Correctors

Other modulators in the development pipeline include the potentiator galicaftor (ABBV-2222) and corrector navocaftor
(ABBV-3067) developed by AbbVie. ABBV-2222 alone did not show significant improvements in lung function in phase
2 clinical trials but was well tolerated and is currently under investigation in combination with ABBV-3067.7%° ABBV-

Pharmacogenomics and Personalized Medicine 2022:15 https: 99
Dove!


https://www.dovepress.com
https://www.dovepress.com

Hagq et al Dove

119 is another potentiator, and further phase 2 trials are underway of the triple combination of ABBV-119/galicaftor/
navocaftor.®!

Genetic Therapies

Clearly, since CF is a genetic condition caused by variants in the CFTR gene, strategies to replace or repair this genetic
defect are attractive.®” This potentially curative gene therapy approach has become available to people with spinal
muscular atrophy recently.®* However, despite significant efforts, gene therapy in CF has been challenged by difficulties
in suppressing the host immune response and maintaining gene expression.®*®> Nevertheless, efforts are ongoing and
alternative approaches including the application of alternative adeno-associated and lentiviral vectors and methods to
repair defective CFTR mRNA are under investigation.***” Gene editing involving CRISPR/Cas-9 technologies have
potential to incorporate a functional CFTR gene into a patient’s cells and hold promise for a curative therapy.®**’
Ongoing research will undoubtedly involve exploration of how such treatments can be effectively delivered to
anatomically challenging organs such as the lung and the airway epithelium.®>® Alternatively, it may be possible in
the future to edit epithelial progenitor cells ex vivo and then return and engraft the corrected cells.® It has been
recognised through the development of single-cell transcriptomics that individual subtypes of epithelial cells exist in the
airway and have variable expression of CFTR. For example, ionocytes are present in small numbers but highly express
CFTR.®® Further understanding in this area may inform which types of epithelial cells should be targeted for the greatest
clinical benefit.®’

Closing Discussion

The development of CFTR modulator therapies has been a major success in CF therapeutics. At the time of the discovery
of the CFTR gene in 1989, average life expectancy was significantly reduced for people with CF. Almost 40 years later,
the majority of people with CF are now eligible for treatment with CFTR modulators. These therapies have been highly
effective in clinical trials. The long-term benefits are yet to be determined, however, observational post-licensing studies
do suggest sustained “real-world” benefits.*>**° Implications for overall treatment burden are also starting to be explored.
For example, the SIMPLIFY and CFSTORM (https://www.cfstorm.org.uk/) studies are investigating the withdrawal of

nebulised mucolytic treatment.”!

Variability in modulator response is recognised in individuals with CF, despite sharing the same CFTR genotype.
Furthermore, large-scale RCTs are simply not feasible for many rare disease-causing variants. A number of ex vivo
models have been developed to allow testing of an individual’s response to specific modulators, thus allowing appropriate
targeted therapy or “theranostics”.? Primary human nasal epithelial cells (HNEs) can be obtained from nasal mucosal
brushings.”® Conditionally reprogrammed expansion of HNEs can increase the number of cultures available for ex vivo
investigation of ion transport and response to modulators. Organoid cultures have also been developed from intestinal
biopsies and nasal and bronchial cells isolated from individuals with CF, which provide a 3D model where forskolin-
induced swelling (FIS) provides a higher throughput assessment of response to modulators.’>?*%

These models have been employed in larger scale programmes designed to assess the effectiveness of modulators,
particularly for individuals with rarer CFTR disease-causing variants, namely in the European HIT-CF (https://www.hitcf.
org/) and the Canadian CFIT (https://lab.research.sickkids.ca/cfit/) programmes. Patient-derived models are the “gold
standard” tool for drug discovery in CF, but other cell line-based assays have been utilised to advance research. In

particular, Fisher Rat Thyroid (FRT) cells expressing CFTR variants have been employed by the FDA to investigate and
approve modulator therapy for individuals with rare variants. Induced pluripotent stem cells (iPSCs) can also be
differentiated into multiple cell types and used to investigate modulator responses.’®

Despite the uptake of these models, it is important to recognise their limitations, which include specific variations in
culture techniques between research laboratories and variability between cell samples derived from the same
individuals.”>°7 Persistence of epigenetic variation in cultured cells caused by exposure to specific environmental factors
may also lead to variations in in vitro responses.
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Conclusion

The rapid translation of CFTR modulators from their identification using in vitro models through to large RCTs and their
subsequent widespread clinical use in many countries is a major success story of biomedical research and precision medicine.
In particular, ivacaftor and elexacaftor/tezacaftor/ivacaftor appear to be a disease-modifying transformative development in
CF care that generates improvements in quality of life and lung health that are clinically highly significant. It is important to
note that results of long-term follow-up are not yet available, but clinical benefits appear to be sustained.

Crucially, around 10% of the people with CF do not have a modulator option and for this cohort, ongoing research to
develop therapeuticsfor example, in gene editing and other gene-based therapies, remain vital for this “lost 10%”.
Equally, the high cost of CFTR modulators has been another major issue that has limited access to these drugs in some
healthcare systems worldwide.”® Equitable access must be a priority and costs should be offset against savings in long-
term healthcare as people with CF remain healthier.
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