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ABSTRACT Drug compounds that augment the production and activity of the cystic fibrosis (CF)
transmembrane regulator (CFTR) have revolutionised CF care. Many adults and some children with CF
suffer advanced and severe lung disease or await lung transplantation. While the hope is that these drug
compounds will prevent lung damage when started early in life, there is an ongoing need to care for people
with advanced lung disease. The focus of this review is the accumulating data from clinical trials and case
series regarding the benefits of CFTR modulator therapy in people with advanced pulmonary disease. We
address the impact of treatment with ivacaftor, lumacaftor/ivacaftor, tezacaftor/ivacaftor and elexacaftor/
tezacaftor/ivacaftor on lung function, pulmonary exacerbations, nutrition and quality of life. Adverse events
of the different CFTR modulators, as well as the potential for drug-drug interactions, are discussed.

Introduction

The past decade has revolutionised the care of people with cystic fibrosis (CF). CF treatment is gradually
moving from that directed towards treating consequences of resulting organ damage to therapies directed
towards restoration of the function of the CF transmembrane regulator (CFTR), collectively referred to as
CFTR modulators. This hopeful era follows decades of pre-clinical research focused at identifying small
molecules that increase the chloride conductance of CFTR at the epithelial cell membrane (potentiators,
such as ivacaftor (IVA)) as well as molecules that improve folding and trafficking of mutated CFTR
protein (correctors, such as lumacaftor (LUM), tezacaftor (TEZ) and elexacaftor (ELX)). Further strategies
that are in various stages of drug development are directed towards amplification of CFTR translation and
prevention of premature termination of transcription (readthrough agents for premature termination
codon CFTR mutations). Other strategies in development are gene editing and gene replacement.

It is anticipated by many that initiating CFTR modulator therapy will change the course of CF lung
disease. Indeed, an important direction of clinical trials is extending the use of previously established
therapies to increasingly younger age groups [1, 2], with the rationale that an early start of CFTR
modulation may slow and even prevent progression of pulmonary and extrapulmonary complications [3].
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However, the majority of existing patients today are adults, many of whom have advanced CF and suffer
consequences of long-standing CFTR deficiency [4]. In some countries, severe CF may occur earlier, in
childhood or youth. The consequences of long-standing CFTR deficiency include structural lung damage,
chronic pulmonary infection with drug-resistant microorganisms and malnutrition, with debilitating
symptoms and frequent hospitalisations necessitating intensive treatment. When facing people with
advanced CF we may ask whether CFTR modulation therapy will be beneficial in this subgroup of people
with advanced lung disease or if lung damage is too advanced and irreversible for CFTR modulation to
affect. This issue is particularly important when considering the already high treatment burden in patients
with advanced lung disease, and consequently the potential for adverse drug reactions and drug-drug
interactions associated with polypharmacy (a frequent occurrence in people with severe CF), as well as the
high cost of these newly developed drugs.

The focus of this review is to summarise the evidence regarding the efficacy of CFTR modulators in people
with CF with severe disease. As survival in CF is mostly predicted by the pulmonary involvement [5], we
will focus on severe pulmonary disease rather than patients with severe extrapulmonary manifestations. We
review the evidence for efficacy of CFTR modulation in improving pulmonary function and exacerbations,
nutritional status and quality of life, as well as adverse reactions resulting from CFTR modulator therapy in
people with CF with severe disease and drug-drug interactions.

Efficacy of CFTR modulators in people with advanced pulmonary disease

The introduction of IVA treatment in people with gating mutations set high standards for the clinical
efficacy of CF modulation [6]. The phase III trial by Ramsay et al. [6] showed an increase in lung function
of >10% (absolute) over placebo in forced expiratory volume in 1 s (FEV;) % pred and a 55% reduction in
the frequency of pulmonary exacerbations. IVA treatment also resulted in an increase in weight and
respiratory-related quality of life. In this trial, similar to subsequent clinical trials of CFTR modulators,
inclusion criteria were FEV; % pred 40-90% at screening. However, between screening and randomisation
some of the participants decreased their lung function to a value <40%, possibly reflecting natural
fluctuations in lung function measurements, and people with CF included in the IVA trial had FEV; %
pred at randomisation as low as 31.6%. These populations of people with CF with advanced pulmonary
disease provide the opportunity to focus on the benefit of CFTR modulation in people with CF with
severe lung dysfunction. While the initial trial does not provide data for the subset of participants with
severe lung disease, it does report that the overall treatment effect was similar among individuals with lung
function below and above 70% predicted.

Following approval and marketing of IVA, several reports of people with CF and severe pulmonary disease
treated with IVA were published [7-11]. Barry et al. [9] reported favourable outcomes of IVA treatment
through an extended access programme in 21 adults with severe CF pulmonary disease (FEV, % pred
<40% or awaiting lung transplantation) carrying the G551D CFIR mutation. A control group of people
with CF with similarly severe lung disease but no G551D mutation, and thus not treated with IVA, served
as the control group. In this report, following treatment with IVA, FEV; % pred improved by a mean of
4.2% absolute increase (from 26.5% to 30.7%; p=0.01) with a median (range) time to best spirometry of
100 (56-160) days. The increase in lung function was also significant compared with the non-G551D
control group (p=0.003). Mean weight increased from 49.8 to 51.6 kg (p=0.006) and days with intravenous
(i.v.) antimicrobial treatment decreased from a mean of 23 to 0 (p=0.001). Similar efficacy was reported in
14 people with CF with the G551D mutation from Germany [10] and from an expanded access
programme from the USA, which also noted a longer time to reach maximal lung function, compared with
the historical cohort with preserved lung function [11]. Recently, a report of people with CF with severe
disease with non-G551D gating mutations treated with IVA also reported an improvement in lung
function, 6-min walk distance, weight and exacerbation frequency [12]. These results are comparable to the
overall effect in a randomised controlled trial of IVA in non-G551D mutations (table 1) [13].

In 2015, results of the phase III clinical trial with LUM/IVA in people with CF homozygous for the
F508del mutation were published by WamnwriGHT et al. [14]. This combination of a CFTR corrector
(LUM) and the potentiator (IVA) was shown to result in an increase in lung function to a lesser degree
than IVA for G551D: an overall 4% absolute increase in FEV; % pred, but a significant 39-61% reduction
in hospitalisations and a 45-56% reduction in i.v. antibiotic use. In this report, 52 patients who had FEV,
% pred <40% at randomisation were included, and the treatment effect was similar in this group of
patients and in the subgroup with moderate to mildly reduced lung function. ELBorN et al. [15] reported a
subgroup analysis of people with CF with severely reduced lung function from the TRAFFIC and
TRANSPORT studies. This analysis showed an increase (versus placebo) of 3.7 and 3.3 percentage points
over placebo in the two dosing groups (p=0.024 and 0.036, respectively) and a 9.9-9.1% relative increase
in FEV; % pred, also highly clinically significant. Body mass index increased significantly only in one of
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TABLE 1 Summary of effects of cystic fibrosis transmembrane regulator modulators (ivacaftor (IVA), lumacaftor (LUM), tezacaftor (TEZ) and elexacaftor (ELX)) in
people with severe lung function impairment from published trials and case series, not including case reports of single patients

First author [ref.]

Population; study Overall effect:
design: RCT/open

lung function

Overall effect:
exacerbation

Patients with severe

disease (FEV,

Lung function

increase (% points)

Exacerbation
reduction in

Effect on weight or

Effect on quality of

BMI in severe disease life (mean CFQ-R)

reduction <40% pred) in severe disease  severe disease in severe disease
IVA
Ramsey [6] G551D/any; RCT 10.6%" 55%" NA NA NA NA NA
De Boeck [13] Non-G551D gating/ 10.7%" NA 0 NA NA NA NA
any; RCT
Hesestrerr [10] G551D/any; open, NA NA 14 (100%) 5.215.67: median NA 2.1+2.4 kg"; median 1.1 NA
EAP 3.9 (—4.1-16.8)" (—0.3-6.3) kg*
Barry [9] G551D/any; open, NA NA 21 (100%) 4.28 49%S " 1.8 kg¥; median NA
EAP 2.3 (=0.4-4.2) kg*
TavLoR-CoUSAR G551D/any; open, NA NA 44 (100%) 4.8+0.57; NA 3.3+4.0 kgT; NA
(111 EAP (—=13.1-22.7)* (—2.3-14.4) kg*
SaLvaToRE [12] Non-G551D gating/ NA NA 13 (100%) 11.58 51%S 1M 3.0 kg® NA
any; open, EAP
LUM/IVA
WAINRIGHT [14] F508del/F508del; 2.6-4.0%" 39-61%" 81 (7.3%) 3.3 (0.2-6.4)- 53-41%%8  BMI 0.3 (-0.2-0.8) and 3.3 (5.2-11.7) and
and ELsorn [15] RCT, subgroup 3.7 (0.5-6.9)%* 0.6 (0.1-1.2) kg-m™2#** _4.2 (=12-3.7)%**
analysis
Hugert [16] F508del/F508del; NA NA 53 (37 completed 3.198 NA BMI 0.03 kg-m~28 NA
open 3 months)
TAYLOR-COUSAR F508del/F508del; NA NA 46 (35 completed —0.4 (=1.9-1.1)%* 64%511 BMI 0.29 2.5 (-1.0-5.9)*
[17] open 24 weeks) (0.17) kg-m~28+*
Murer [18] F508del/F508del; NA NA 20 (10 completed) +2.5%# 60%811 BMI 0.9 kg-m~2## NA
open
Diag-Ciceres [19]  F508del/F508del; NA NA 20 61%81
open
TEZ/IVA
TAYLOR-COUSAR F508del/F508del; 4.0 36%*** 27 (9.4%) 3.5 (1.0-6.1)#** NA NA NA
[21] RCT (3.1-4.8)"+*
Rowe [22] F508del/RF; RCT 6.8 46% 22 (9%) 44 (1.1-7.8)F* NA NA NA
(crossover) (5.7-7.8)#*+
ELX/TEZ/IVA
MipoLeToN [23] F508del/MF; RCT 13.8 63% 18 (9%) 15.2 (7.3-23.1)%** NA NA NA
(12.1-15.4)#*

Brackets indicate 95% confidence intervals, unless otherwise stated. RCT: randomised controlled trial; FEV;: forced expiratory volume in 1s; BMI: body mass index; CFQ-R: Cystic

Fibrosis Questionnaire-Revised; NA: not assessed; EAP: expanded access programme; RF: residual function CFTR mutation; MF: minimal function CFTR mutation.

#. increase over

placebo; 1. meansso, change from baseline; *: range, change from baseline; 8. mean change from baseline; f. days with antibiotics for pulmonary exacerbation, annualised; ##. median,
change from baseline; 1. exacerbations per year per patient; **: least mean square.
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the dosing groups (600 mg LUM) and results of a quality-of-life questionnaire were not significantly
improved. Exacerbations and events necessitating iv. treatment were reduced, reaching statistical
significance in the 600 mg LUM group.

Post-marketing of LUM/IVA, several open-label studies reported results of treatment in people with CF
homozygous for F508del with severe lung disease (FEV; % pred <40%) commencing treatment with
LUM/IVA (table 1) [16-20]. Collectively, these case series report a reduction in exacerbation frequency.
Some of these series also demonstrate improvement in lung function, nutritional status and quality of life;
however, the results did not uniformly reach statistical significance.

Following the development of LUM/IVA, and due to drug-related adverse respiratory events discussed in
the following sections, a second CFTR corrector, TEZ, was developed. The combined corrector/potentiator
TEZ/IVA was evaluated in two clinical trials. The EVOLVE trial compared TEZ/IVA with placebo in
people with CF homozygous for F508del [21]. The EXPAND trial was a shorter (8 weeks) crossover trial
comparing TEZ/IVA, IVA alone and placebo in compound heterozygotes with one F508del mutation and
one pre-specified “residual function” CFTR mutation in cis (CFTR that allows some chloride transport
and/or shown to be responsive to IVA in vitro) [22]. In both studies, a subanalysis of patients with FEV;
% pred <40% was performed. In the EVOLVE study there was an overall increase in lung function of 4%
and a 35% reduction in pulmonary exacerbations. 24 people with FEV; % pred <40% had an increase in
lung function, similar to the overall effect observed in the study (absolute increase 3.5%, 95% CI 1.0-
6.1%). The EXPAND crossover trial showed an overall absolute increase of 6.8% in FEV; % pred over
placebo, with 9% of patients with FEV; % pred <40% at randomisation showing a significant increase of
4.4 (95% CI 1.1-7.8) percentage points.

Both TEZ/IVA and LUM/IVA had effects on lung function that were modest compared with the effects of
IVA on people with gating mutations. The addition of a second corrector, ELX, to TEZ/IVA resulted in
improved CFTR function in excess of the TEZ/IVA effect. In clinical trials of treating people with CF with
one or two F508del alleles, the ELX/TEZ/IVA combination led to a markedly improved lung function gain
of 10-14% [23, 24], with a reduction of exacerbations by 63% [23]. People with FEV; % pred <40% gained
lung function (FEV; % pred) by of a mean 15.2% (95% CI 7.3-23.1%) (absolute) over placebo [23].

Table 1 summarises the overall effects and those in the subgroup of people with CF with severe disease in
randomised trials and case series of CFTR modulators.

Adverse events resulting from CFTR modulator therapy in people with CF with
severe lung disease

The IVA studies demonstrated a favourable safety profile, with adverse events similar in frequency between
the placebo and active treatment arms [6]. In the LUM/IVA trials, however, two adverse events emerged
with an increased frequency compared with placebo: dyspnoea, reported in 13.0-14.9% of trial participants
on active treatment versus 7.8% on placebo, and “abnormal respiration” (the term for chest tightness),
reported in 8.7-10.8% of trial participants on active treatment versus 5.9% on placebo [14]. In the clinical
trial, these adverse events were generally well tolerated, as 96.3% of people with severe disease completed
24 weeks of the study. In people with CF with severe disease, the frequencies of these events were even
higher: 26.4% of participants with FEV; % pred <40% on active treatment reported dyspnoea (versus
14.3% of participants with severe disease on placebo) and 7.5% versus 3.5% reported “abnormal
respiration” [15]. These events were also common in studies reporting on open-label administration in
people with CF with severe disease, with rates of adverse events as high as 75% (table 2). In up to 35% of
people with CF with severe disease, adverse events were not tolerated and led to treatment discontinuation.
One possible explanation for the higher frequency of treatment discontinuation in “real-life” trials may be
the greater severity of disease than in participants eligible for clinical trials. This difference highlights the
importance of post-marketing studies in investigating effects of new drugs outside of a clinical trial setting.

In a study by Porowicz et al. [25], spirometry was performed immediately before the first administration
of LUM/IVA, and subsequently repeated 2 and 24 h following the first administration of LUM/IVA.
Results showed an acute mean 19% decrease in FEV; % pred of a following LUM/IVA administration
(range —21-11%; p=0.001), which persisted after 24 h and returned to baseline in 83% of patients when
next measured 1 month after the first dose. Post-dose spirometry was also performed at 2, 4-6 and 24 h
subsequent to LUM/IVA dosing in the randomised trial of LUM/IVA in children 6-11 years old, in which
only 11 out of 204 (5%) children had a baseline FEV; % pred <70%. Following LUM/IVA dosing on day
1, participants’ mean post-dose FEV; % pred was —5.5% at <2 h, —7.7% at 4-6 h and —4.1 at 24 h [26].
A real-life study similarly found an acute drop in lung function in LUM/IVA-treated children aged
15.5£1.6 years with a wide range of initial lung function, which was inversely correlated with initial FEV,
% pred and directly correlated with bronchodilator reversibility [27].

https://doi.org/10.1183/16000617.0112-2019 4
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TABLE 2 Summary of the frequency of adverse events (dyspnoea and “abnormal respiration”)
in clinical trials and case series of lumacaftor (LUM)/ivacaftor (IVA) in people with advance
cystic fibrosis lung disease

First author [ref.] Type of Patients Patients with Adverse event frequency Discontinued
trial FEV, <40% in FEV, <40%: dyspnoea/ LUM/IVA
pred abnormal respiration
ELsorn [15] RCT 1072 81 14 (26)/4 (8)* 3(3.4)
(TRAFFIC AND
TRANSPORT)
Popowicz [25] Open NA 12 8 (75) 3(25)
label
Husert [16] Open NA 53 27 (51) 13 (24)
label
Jennines [20] Open 116 19 11 (58) 6 (32)
label
TavLor-Cousar [17] Open NA 48 20 (43)/26 (57) 8(17)
label
Murer [18] Open NA 20 1(5)/1 (5)* 1(5)
label
Dias-Caceres [19] Open NA 20 15 (75) 7 (35)
label

Data are presented as n or n (%). RCT: randomised controlled trial; FEV;: forced expiratory volume in 1's;
NA: not available. #: dyspnoea/chest tightness only.

The mechanism of the acute adverse effect on lung function, which may be the cause of the clinical
phenomena, is not known. LUM may result in bronchospasm, and thus an immediate and symptomatic
drop in lung function. Alternatively, it was hypothesised to be a “target effect”: LUM/IVA administration
resulting in increased CFTR activity and thus causing mucus to be propelled into airways, temporarily
causing an obstruction until eventually cleared [15]. If this mechanism explained the phenomenon, a
similar effect should also be seen with TEZ/IVA, which activates CFTR to a similar degree in F508
homozygotes. However, in the EVOLVE and EXPAND trials (the phase III studies in which TEZ/IVA was
evaluated), dyspnoea and abnormal respiration were reported at the same frequency in the active and
placebo arms overall, and in the group with severe lung dysfunction. In both TEZ/IVA studies, lung
function was measured before and 2 and 4 h after the first dose, and on day 15 an acute drop in lung
function was not observed in either study [21, 22]. Adverse events with ELX/TEZ/IVA that were more
common in active groups than placebo were not increased in people with severe disease [23, 24]. Hence,
the cause of lung function decline and respiratory symptoms associated with LUM/IVA are more likely
due to a unique effect not shared by TEZ/IVA.

Drug-drug interactions

Metabolism of the newly developed CFTR modulators is mainly by the cytochrome P450 (CYP) family of
enzymes. Thousands of CYP subtypes of this family of enzymes are known in nature, but only 15 are
relevant in human metabolism [28]. Cytochrome enzymes may be induced, i.e. expression of the relevant
gene increased, by several drugs (usually, but not only, substrates of the same cytochrome). They may also
be inhibited, either competitively or noncompetitively. Induction of any cytochrome may result in
enhanced metabolism, and thus faster elimination and lower levels, of its substrate compounds. Inhibition
results in the opposite effect, i.e. increased drug levels.

The P450 subtypes CYP3A4 and CYP3A5 metabolise IVA to its less active metabolite M1 and its inactive
metabolite M6, TEZ to its less active metabolites M1, M2 and M5, and ELX to a less active metabolite,
M23-ELX; LUM levels are unchanged by CYP3A [29, 30]. LUM as well as several drug compounds
(excluding TEZ, but including to a small extent IVA and its less active metabolite) induce CYP3A
expression; there are a number of drugs, including azole antifungals, that inhibit CYP3A (figure 1). LUM
also induces and inhibits several other CYP subtypes (induction: CYP3A, CYP2B6, CYP2C8, CYP2C9 and
CYP2C19; inhibition: CYP2C8 and CYP2C9). The induction and inhibition of CYP enzymes may result in
significant drug-drug interactions with several classes of compounds, including, but not limited to,
antimicrobials (rifampin, isoniazid, bedaquiline and voriconazole), proton pump inhibitors (omeprazole),
antidepressants (fluoxetine), anticonvulsives (phenytoin), oral contraceptives and warfarin. Drug-drug
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FIGURE 1 A summary of interactions between cystic fibrosis transmembrane regulator modulators and other
drugs/compounds and cytochrome P450 3A4 (CYP3A). Blue arrows: induction of the cytochrome; yellow arrow:
inhibition of the cytochrome; curved arrow: metabolism of a drug by the cytochrome. Adapted from [28-32].

interactions may also exist with the use of TEZ, ELX and IVA, mainly strong and moderate inhibitors of
CYP3A. Concomitant use of both of these drug classes may result in increased serum levels of IVA (to 15
times the therapeutic level) and TEZ (to 4 times the therapeutic level). While it is not known what the
implications of elevated levels of these drugs may be based solely on animal toxicology data, caution is
warranted and hence a reduction of ELX, TEZ and IVA doses is recommended [31, 32]. ELX is an
inhibitor of other cytochrome subtypes (CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19 and CYP2D6)
and also of organic anion transporters 1Bl and 1B3. It is carried in blood by albumin, and thus may
displace other drugs (e.g. digoxin) and increase their levels [30, 32].

In summary, while drug-drug interactions are complex and numerous with LUM, for TEZ, IVA and
ELX, dose reductions are recommended with CYP3A inhibitors, but otherwise there is a smaller risk for
drug-drug interactions than with LUM.

Conclusions

The CFTR modulators IVA, LUM/IVA, TEZ/IVA and ELX/TEZ/IVA have a beneficial effect not only in
individuals with mild to moderate CF, but also in individuals with advanced pulmonary disease, including
candidates for lung transplantation. This beneficial impact was clearly demonstrated by randomised
controlled trials (for those subjects who met lung function criteria at enrolment, but whose lung function
declined to below the qualifying FEV, % pred by the randomisation visit) as well as in open-label studies,
which generally enrolled people with greater severity of pulmonary disease than those inadvertently
included in the randomised controlled trials.

Compared with LUM/IVA, TEZ/IVA administration has the advantage of fewer adverse events and drug-
drug interactions, making this drug combination the better choice for use in triple combination therapy
for people with F508del CF [33, 34]. The improved tolerability profile of TEZ/IVA is especially important
in individuals with severe pulmonary disease, in many of whom severe adverse effects of LUM/IVA
precluded its use. It is also important that TEZ/IVA is more compatible than LUM/IVA with the
complexity of chronic medication regimens of many individuals with advanced pulmonary disease.

It is acknowledged that the most substantial impact of CFTR modulator therapy will likely be observed
when started as early as possible in the course of disease, at a time when irreversible lung damage is
minimal. However, ample evidence currently exists to justify the use of CFTR modulator treatment in
people with established, advanced lung disease. With the recent US Federal Drug Administration approval
of highly effective triple combination therapy for the majority of individuals with CF [32], we may expect
more people with severe CF pulmonary disease to gain life-changing benefit from CFTR modulation.

https://doi.org/10.1183/16000617.0112-2019 6
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