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ABSTRACT

Cystic fibrosis (CF) is the most common auto-
somal recessive disorder in Caucasian people
and is caused by mutations in the gene encod-
ing for the CF transmembrane conductance
regulator (CFTR) protein. It is a multisystem
disorder; however, CF lung disease causes most
of its morbidity and mortality. Although sur-
vival for CF has improved over time due to a
multifaceted symptomatic management
approach, CF remains a life-limiting disease. For
individuals with progressive advanced CF lung
disease (ACFLD), lung transplantation is con-
sidered the ultimate treatment option if com-
patible with goals of care. Since 2012, newer
drugs, called CFTR modulators, have gradually
become available, revolutionizing CF care, as
these small-molecule drugs target the underly-
ing defect in CF that causes decreased CFTR
protein synthesis, function, or stability. Because
of their extremely high efficacy and overall
respectable tolerability, CFTR modulator drugs
have already proven to have a substantial
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positive impact on the lives of individuals with
CF. Individuals with ACFLD have generally
been excluded from initial clinical trials. Now,
however, these drugs are being used in clinical
practice in selected individuals with ACFLD,
showing promising results, although random-
ized controlled trial data for CFTR modulators
in this subgroup of patients are lacking. Such
data need to be gathered, ideally in randomized
controlled trials including patients with ACFLD.
Furthermore, the efficacy and tolerability of the
newer modulator therapies in individuals with
ACFLD need to be monitored, and their impact
on lung disease progression and the need for
lung transplantation as the ultimate therapy
call for an objective evaluation in larger patient
cohorts. As of today, guidelines for referral and
listing of lung transplant candidates with CF
have not incorporated the status of the new
CFTR modulator therapies in the referral and
listing process. The purpose of this review arti-
cle, therefore, is threefold: first, to describe the
effects of new therapies, with a focus on the
subgroup of individuals with ACFLD; second, to
provide an update on the recent outcomes after
lung transplantation for individuals with CF;
and third, to discuss the referral, evaluation,
and timing for lung transplantation as the
ultimate therapeutic option in view of the new
treatments available in CF.
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Key Summary Points

Survival in individuals with cystic fibrosis
(CF) has improved substantially, even
before treating the underlying genetic
defect encoding for the cystic fibrosis
transmembrane conductance regulator
(CFTR) protein.

CF lung disease causes most of the
morbidity and mortality, with lung
transplantation considered the ultimate
treatment option for individuals with
progressive advanced CF lung disease
(ACFLD).

Since 2012, newer drugs called CFTR
modulators have become available,
revolutionizing CF care by targeting the
underlying defect in CF that causes
decreased CFTR protein synthesis,
function, or stability.

Even though randomized controlled trial
data for CFTR modulators in individuals
with ACFLD are lacking, clinical usage of
these drugs in selected individuals shows
encouraging results, leading to removal of
patients from transplant waiting lists and
fewer lung transplants for performed for
CF.

New consensus guidelines for the selection
of CF candidates for lung transplantation
should take the new therapies into
consideration regarding timing of referral
and listing for transplant.

INTRODUCTION

In the Caucasian population, cystic fibrosis (CF)
is the most common autosomal recessive dis-
order, caused by mutations in the gene

encoding for the CF transmembrane conduc-
tance regulator (CFTR) protein; the CFIR gene
was discovered in 1989 [1]. Although CF is a
multisystem disorder affecting tissues and
organs where CFTR is expressed, CF lung disease
causes most of the morbidity and mortality. In
the past, most individuals with CF did not sur-
vive beyond childhood or adolescence due to
progressive CF lung disease. However, survival
of individuals with CF has expanded over time,
not due to the repair of the underlying genetic
defect, but through the combination of estab-
lishing CF registries for a better understanding
of the natural history of CF, the implementa-
tion of CF newborn screening in many coun-
tries, and the introduction of continuously
improved symptomatic therapies [2]. The main
pillars in tackling CF lung disease have tradi-
tionally been airway clearance techniques and
antibiotic therapies. Newer therapies treating
the downstream complications of CFTR dys-
function are under development, focusing on
enhanced mucociliary clearance, improved
delivery of antibiotics to the respiratory airways,
and anti-inflammatory drugs [3]. Nevertheless,
for individuals with progressive advanced CF
lung disease (ACFLD), lung transplantation
remains the ultimate treatment option that is
nowadays considered the standard of care [4].
Comprehensive consensus guidelines were
published by the Cystic Fibrosis Foundation (CF
Foundation) in the United States (USA) for
people with ACFLD, confirming that lung
transplantation is an option for individuals
with ACFLD if compatible with the overall goals
of care; therefore, no individual with CF should
die without consideration for lung transplanta-
tion [5]. In 2015, consensus recommendations
on the appropriate timing for listing candidates
with ACFLD for lung transplant were published
by the International Society for Heart and Lung
Transplantation (ISHLT) [6]. Although the
overall survival benefit for lung transplantation
in individuals with CF remains controversial
within the CF and the lung transplant com-
munities [7], recent data published in the ISHLT
Thoracic Transplant Registry Report demon-
strate increased median survival of more than
9 years following lung transplantation for CF,
far superior to that for all other primary
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underlying diseases leading to lung transplan-
tation [8].

In the meantime, newer drugs, so-called
CFTR modulators, have gradually become
available since 2012, revolutionizing CF care
[3]. Nowadays, CF has become a disease “with a
new face” through the introduction of these
small-molecule drugs into clinical practice to
target the underlying defect in CF that causes
decreased CFIR protein synthesis, function, or
stability [2, 9]. To date, four orally administered
drugs have been licensed by medical licensing
agencies in Australia, Europe, and North Amer-
ica for clinical use in people with CF depending
on the underlying genetic defect: ivacaftor
(Kalydeco®), lumacaftor/ivacaftor (Orkambi®),
tezacaftor/ivacaftor (Symdeko® or Symkevi®),
and the triple combination of elexacaftor/teza-
caftor/ivacaftor (Trikafta®). Approximately 85%
of individuals with CF could benefit from these
CFTR modulator therapies, and based on the
extremely high efficacy and the overall
respectable tolerability of the triple-combina-
tion CFTR modulator drug, a substantial posi-
tive impact on the lives of individuals with CF
can be expected [2]. As individuals with ACFLD
have generally been excluded from clinical tri-
als, it seems vital to monitor the efficacy and
tolerability of the newer CFTR modulator ther-
apies in this subgroup of individuals with CF
and the impact on lung disease progression and
the need for lung transplantation as the ulti-
mate therapy in this scenario for individuals
with CF, but also for the field of lung trans-
plantation overall. To date, guidelines for
referral and listing of lung transplant candidates
with CF have not incorporated the status of the
new CFITR modulator therapies in the referral
and listing process [6].

Thus, the aim of this narrative review is
threefold: first, to describe the effects of new
therapies, with a focus on the subgroup of
individuals with ACFLD; second, to provide an
update on recent outcomes of lung transplan-
tation for individuals with CF; and third, to
discuss referral and evaluation for lung trans-
plantation as the ultimate therapeutic option in
view of the new treatments available for indi-
viduals with CF.

This article is based on reviews of current
consensus statements and published literature;
it does not involve any studies with human
participants or animals conducted by any of the
authors. It fully complies with ethics guidelines.

CFTR DYSFUNCTION IN CF

Briefly, CF is caused by biallelic mutations in
the CFTR gene [10]. CFIR is a transmembrane
ion channel that regulates the transport of
anions such as chloride and bicarbonate across
epithelial cell membranes [10, 11]. In CF, the
decreased function and/or quantity of CFIR
protein leads to aberrant epithelial electrolyte
transport in different organs and tissues,
resulting in multisystemic disease involving
progressive loss of lung function, pancreatic
insufficiency, and liver disease [10, 11]. More
than 2000 CFTR mutations are known, but
Phe508del is the most common CF-causing
CFTR allele [10, 12]. Nearly 90% of people with
CF have > 1 Phe508del allele [10, 12, 13].
CFTR mutations can be divided into six
classes according to the molecular phenotype of
the CFTR protein [14-16]. Class I mutations are
mostly deletions, stop codon sequences with a
reading frame shift, which cause a disturbance
in protein synthesis. This leads to a break in
translation, and no complete protein strand is
formed. Class II mutations lead to misfolding of
the protein, which is then prematurely degra-
ded by the proteasome. The consequence in
both cases is reduced or absent transport of the
CFTR to the cell membrane. As a result, with
class I and II mutations, there is almost no CFTR
found at the cell membrane. Class III mutations
lead to a reduced opening probability due to a
defective regulation of the CFITR function
(“gating”). The first CFTR mutation for which
the CFTR modulator ivacaftor was approved is
the G551D gating mutation. Class IV mutations
are associated with decreased conductance of
the CFTR, resulting in reduced chloride ion flux.
Class V mutations result in a decreased amount
of functional CFTR protein, mostly CFTR
mutations with alternative splicing, defects in
the promoter region, or mutations localized in
the intron. A proportion of wild-type CFIR is
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often still present. Class VI mutations are char-
acterized by reduced stability. Although there is
a normal amount in the cell membrane, they
are subject to premature lysosomal degradation
[14-16]. The most common mutation in the
Caucasian population, Phe508del, is character-
ized as a class Il mutation. Because of a deletion
of the amino acid phenylalanine, the cytoplas-
mic and membrane-integrated domains cannot
be attached, and the maturation of the protein
is impaired. However, some of the defective
CFTR molecules reach the cell membrane,
where their functionality is impaired by the
defective tertiary structure; in addition, mem-
brane stability is reduced due to premature
endocytosis. Thus, Phe508del can be classified
primarily as a class II mutation, but secondarily
as a mutation of classes III and VI. Class I-III
mutations result in a majority of negligible
CFTR residual function of a maximum of 10%
and can therefore be described as severe muta-
tions. Mutations of classes IV-VI are mostly
mild mutations, which are associated with a
clinically relevant residual CFTR function
[14-16].

TARGETED THERAPIES AIMING
TO RESTORE CFTR FUNCTION

Only symptomatic therapeutic approaches have
been applied in the past decades, but studying
and defining the cellular and molecular
pathology of CFTR mutations have been the
first steps and prerequisites for the development
of small-molecule compounds targeting the
underlying defect in CF. The knowledge that
some CFIR variants carrying class III or IV
mutations are expressed at the apical membrane
of secretory epithelial cells at a density similar
to that of the wild-type protein was the basis for
the development of gating potentiators that are
able to increase the probability of opening,
resulting in increased plasma membrane chlo-
ride conductance [17]. The first targeted CFTR
mutation was G551D, for which VX-770 (iva-
caftor) was the first potentiator drug to be
approved for CF treatment by the licensing
authorities in the USA. Ivacaftor directly targets
the gating defect of the class III mutation

G551D-CFIR [18]. It is no exaggeration to say
that ivacaftor has ushered in a new era of CF
treatment. Ivacaftor was developed by a phar-
maceutical company in conjunction with Cys-
tic Fibrosis Foundation Therapeutics, Inc. The
compound demonstrated remarkable clinical
benefit in patients carrying the G551D muta-
tion in either one or two alleles [18-20]. The
approval of VX-770 was then extended to gating
mutations other than G551D [21-23]. In addi-
tion, several novel potentiators are currently
under experimental and/or clinical investiga-
tion and are demonstrating promising effects as
well [24-26]. VX-561 (deutivacaftor or formerly
CTP-656; Vertex Pharmaceuticals), a potentia-
tor, is a deuterated form of ivacaftor that has
shown enhanced stability in vitro and in heal-
thy volunteers compared to ivacaftor [27]. The
benefit for patients would be to allow people
with CF to take it once daily rather than twice,
as is the case with ivacaftor. The prototypical
class II mutation, Phe508del, is defined by a
complex folding defect that compromises both
NBD1 stability and the channel’s cooperative
domain assembly [21, 22]. With this knowledge,
the goal was to find correctors that act as
pharmacological chaperones, so that direct
binding would be possible while also promoting
the biogenesis of class II CFTR mutations.
Pharmacological chaperones can be classified in
terms of their molecular targets in the CFITR
structure: class 1 correctors have the potential
to stabilize NBD1-TMD1 and/or NBD1-TMD2
interfaces; class 2 correctors stabilize NBD2 and
its interfaces with other CFTR domains; and
class 3 correctors directly stabilize NBD1 [28].
With this new classification, further research is
feasible to develop new or adapted correctors or
combinations of correctors.

The first highly promising corrector com-
pound was VX-809 (lumacaftor). This com-
pound stabilizes the NBD1-MSD1/2 interface by
reverting the PheF508 CFTR functional expres-
sion defect. The licensing authorities in Europe
and the USA approved co-treatment with
lumacaftor/ivacaftor (Orkambi®) for Phe508del-
homozygous patients aged > 12 years in 2015
[29]. In many countries, lumacaftor/ivacaftor is
now approved from the age of 2 years. A second-
generation corrector is tezacaftor (VX-661;
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Vertex Pharmaceuticals). It has been developed
to possess better pharmacokinetic properties
and fewer adverse effects than lumacaftor/iva-
caftor. Tezacaftor/ivacaftor studies resulted in
comparable clinical outcomes to those with
lumacaftor/ivacaftor in patients who were
homozygous for the Phe508del mutation
[30, 31]. Interestingly, co-treatment with teza-
caftor/ivacaftor was more effective in patients
who carried the Phe508del-heterozygous with a
residual function mutation in trans [32]. Thus,
in 2018, the licensing authorities in Europe and
the USA approved co-treatment with tezacaftor/
ivacaftor (Symdeko® or Symkevi®) for patients
aged > 12 years who were Phe508del-homozy-
gous or Phe508del-heterozygous with a residual
function mutation in trans, which was later
extended in the USA for patients aged > 6 years.
As the dual combinations lumacaftor/ivacaftor
and tezacaftor/ivacaftor were far below expec-
tations in terms of clinical response and
demonstrated only modest efficacy in Phe508-
del-homozygous patients, new compounds
have since been tested. Four novel correctors,
VX-152, VX-440, VX-445, and VX-659, have
been found to improve CFTR activity when co-
administered with tezacaftor/ivacaftor in
human bronchial epithelial cells (Phe508del/
Phe508del genotype), and two compounds (VX-
445 [or elexacaftor] and VX-659 [or bamo-
caftor]) were selected for clinical studies and
demonstrated more suitable pharmacological
properties and safety profiles for long-term use.
Both triple combinations tezacaftor/ivacaftor/
VX-445 and tezacaftor/ivacaftor/VX-659 were
safe, with most adverse effects being mild to
moderate, and led to a reduction in sweat
chloride concentration and bronchopulmonary
exacerbation frequency in phase II and III trials.
In addition, a significant increase in predicted
forced expiratory volume in one second (FEV;)
was also achieved after triple-combination
therapy in Phe508del-homozygous patients (up
to 11.0% for the combination with VX-445 and
9.7% for the combination with VX-659 com-
pared to tezacaftor/ivacaftor only) and Phe508-
del-heterozygous patients with a minimal
function mutation in trans (up to 14.3% for the
combination with VX-445 and 13.3% for the

combination with VX-659 compared to pla-
cebo) [30, 33-36].

USE OF CFTR MODULATORS
IN CLINICAL PRACTICE

Ivacaftor, lumacaftor/ivacaftor, tezacaftor/iva-
caftor, and elexacaftor/tezacaftor/ivacaftor are
drugs approved by licensing authorities in Eur-
ope and the USA, but the availability of these
drugs depends on national health authorities
and their decisions regarding reimbursement.
Although no general guidelines for their usage
exist, in Germany, a group of experts have
started to develop a CFTR modulator therapy
guideline that will hopefully provide clinicians
guidance in treating individuals with CF using
CFTR modulators [37]. Real-world data from
different studies confirm the results from phase
II and III trials discussed above [38-41]. In
addition, long-term data are very promising in
terms of exacerbation rate and loss of lung
function, in particular for ivacaftor [41]. Anal-
ysis of registry data from both the United
Kingdom (UK) and the USA has demonstrated
that predicted FEV; and exacerbation rate were
significantly improved in the ivacaftor group
relative to the comparator after 4 and 5 years of
treatment, respectively. Most strikingly, detec-
tion of Pseudomonas aeruginosa in respiratory
samples decreased within 4 and 5 years of
treatment, respectively, but in the comparator
group, an increase in Pseudomonas aeruginosa
was detected [42].

CFTR MODULATOR DEVELOPMENT
PIPELINE AND FORECASTING
STUDIES

Several novel potentiators and correctors are
under development by pharmaceutical compa-
nies. In addition to the previously mentioned
VX-561 (deuterated form of ivacaftor), the
molecules FDL176 (Flatley Discovery Lab) and
PTI-808 (Proteostasis Therapeutics) are poten-
tiators currently under evaluation [43]. Further,
FDL169 (Flatley Discovery Lab) has demon-
strated rescue of CFITR PM expression in
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F508del-expressing cells with similar efficacy as
lumacaftor, but it is currently not under clinical
evaluation. The molecules ABBV-2222, ABBV-
2737, ABBV-2851, ABBV-3221, and ABBV-3748
(developed by AbbVie-Galapagos) are very
promising corrector drugs and comparable to
lumacaftor or tezacaftor, but these molecules
may be even more potent. In addition, PTI-801
(a third-generation corrector, developed by
Proteostasis Therapeutics) showed good activity
in vitro and also in a phase I trial, with signifi-
cantly improved predicted FEV,;, body mass
index (BMI), and decreased sweat chloride
concentration in people with CF who were
Phe508del-homozygous and received tezacaftor
and ivacaftor [43]. In addition to correctors and
potentiators, antisense oligonucleotides (QR-
010, ProQR) for correcting aberrant splicing,
amplifiers to increase the abundance of protein
substrate (PTI-428, Proteostasis Therapeutics),
and read-through agents and nonsense-medi-
ated mRNA decay inhibitors to rescue protein
synthesis (NB124, Eloxx Pharmaceuticals,
PTC124 and Translarna®, PTC Therapeutics) are
presently being evaluated regarding their
impact on clinical outcome in people with CF
[43].

Several clinical trials of treatments aimed at
significantly modulating the CFIR defect in
people with CF are starting in phase I or II [44].
These include MRT5005, a new drug designed to
restore CFTR function by delivering correct
copies of CFTR-encoded mRNA to the lungs,
and ABBV-191, a type of CFTR potentiator. The
following studies are in phase II: VX-561 (al-
tered form of the potentiator ivacaftor), VX-121
(corrector), ELX-02 (restore CFTR function),
ABBV-3067 (potentiator), and ABBV-2222 (cor-
rector). As Phe508del is the most common CFTR
mutation in CF worldwide, studies have focused
on this patient population. But approximately
20% of people with CF have rare, ultrarare, or
even unique CFTR mutations. To study drugs in
“n = 1” studies, correlations between in vitro or
ex vivo tests and various clinical parameters are
crucial. For example, pairing in vitro measure-
ment of CFTR function in cell lines and clinical
features showed a significant correlation
between CFTR function and sweat chloride
concentration, lung function, and pancreatic

status [45]. Correlations between responses in
patient-derived specimens and clinical parame-
ters/biomarkers have been investigated to
establish reliable prediction of drug effective-
ness. A consistent correlation was found among
forskolin-induced swelling of intestinal orga-
noids, sweat chloride concentration, and
intestinal current measurements of infants with
CF [46]. In summary, huge strides have been
made and highly effective modulators are
available for many people with CF, but addi-
tional drug development is still needed to help
the entire population with CF.

IMPACT OF CFTR MODULATOR
THERAPY ON OUTCOMES
IN PEOPLE WITH ACFLD

Although there have been remarkable steps
forward in recent years in terms of survival and
quality of life in CF, a significant number of
patients—in particular adults—with CF con-
tinue to experience ACFLD [5]. As this subgroup
of patients is at higher risk for complications
and has a limited life expectancy, as well as
usually a lower quality of life, effective treat-
ments are of high interest in this subpopula-
tion. However, pharmacological studies usually
exclude this subgroup of patients, as less clinical
response is expected in comparison to patients
with better lung function tests. Fortunately,
there are some approaches, mainly investigator-
initiated trials, with a focus on real-world
experiences, to answer the question of whether
CFTR modulators may influence clinical out-
comes in ACFLD. Only two studies, one from
Ireland and the UK, and one from Italy, have
evaluated the outcome in adults with CF and
predicted FEV; < 40% who received ivacaftor
within a compassionate use program [47, 48]. In
the first study, ivacaftor was clinically effective
in 21 patients with ACFLD who carried the
G551D mutation; FEV; improved from 26.5 to
30.7% (p = 0.01), which represented a 16.7%
relative improvement after treatment with iva-
caftor. In addition, median BMI improved
(49.8-51.6 kg/m?, p=0.006) as well. Most
striking was that the median length of inpatient
intravenous antibiotic treatment decreased
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from 23 to 0 days/year (p = 0.001). The second
study revealed a clinical benefit in 13 patients
with ACFLD; predicted FEV; increased from
35.1 to 46.6% after 12 months of treatment
with ivacaftor (absolute increase 11.5% and
relative increase 32.8%). Further, there was a
significant decrease in pulmonary exacerbations
(p = 0.0048), increase in BMI (p = 0.0031), and
decrease in sweat chloride concentration
(p <0.0001). No major safety concerns were
found in either study, supporting the good
results in this specific patient subgroup. The
best evaluation was in patients with ACFLD and
Phe508del homozygous mutation and treat-
ment with lumacaftor/ivacaftor. Significant
improvement in predicted FEV; was demon-
strated in a subgroup analysis of a pooled data
set of the TRANSPORT and TRAFFIC phase III
studies [49]. In total, 1108 patients were inclu-
ded in the entire study, 7% (n =81) with a
predicted FEV; value that decreased to < 40%
between the screening and the baseline visits. In
addition to FEV; improvement, BMI improved
significantly; although treatment was generally
well tolerated, the incidence of some respiratory
adverse events was higher with lumacaftor/iva-
caftor than with placebo in all subgroups [49].
In patients with baseline predicted FEV; val-
ues < 40%, these adverse events included
cough, dyspnea, and abnormal respiration [49].
Real-world studies revealed different results;
however, these studies usually included only
small numbers of patients with ACFLD. A Dan-
ish study with 21 ACFLD patients demonstrated
significant improvement in predicted FEV; but
not in BMI [50]. Nevertheless, health-related
quality of life showed a significant overall
improvement. The French experience also
revealed a predicted FEV; increase, but no
increase in BMI; unfortunately, 30% of patients
in this multicenter real-world trial discontinued
the medication due to respiratory side effects
[51]. A small Australian study evaluated 11
patients with ACFLD and revealed that all study
patients had a FEV; decrease after 1 month,
which was also the end of the observation per-
iod [52]. As respiratory adverse events have fre-
quently been reported, investigators in the USA
divided their 46 study patients with ACFLD into
patients with a full dose and a half dose of

lumacaftor/ivacaftor, respectively [53]. The
investigators reported no change in predicted
FEV; or BMI, but a lower hospitalization rate
and duration of intravenous antibiotics. The
study group on the half lumacaftor/ivacaftor
dose generally tolerated the drug better, and
therefore, the authors recommend starting
patients with ACFLD on a reduced drug dose
before increasing to full dose [53]. Like the
French experience, an Australian multicenter
case—control study revealed frequent adverse
events, including chest tightness and dyspnea,
in 55% of patients, resulting in drug termina-
tion in 32% [54]. Another Australian study
produced very promising results in patients
with ACFLD (n =40) [55]. The study results
showed significantly fewer hospital days, lower
exacerbation rates, improvements in predicted
FEV; and BMI, and fewer days on intravenous
antibiotic [55]. In a Swiss study, ten patients
with ACFLD who commenced treatment with
lumacaftor/ivacaftor showed no significant
change in FEV;, BMI, or exacerbation rate, but
two patients were ultimately paused on the lung
transplant waiting list, an important achieve-
ment [56]. Stabilization of lung function and
BMI may be regarded as crucial in patients with
progressive ACFLD, as they usually experience a
decline in lung function and decreased BMI due
to recurrent pulmonary infections.

The documented high frequency of adverse
events in patients receiving lumacaftor/iva-
caftor led to the conductance of a recent phase
[I study including patients with CF who dis-
continued lumacaftor/ivacaftor due to respira-
tory events [57]. In this phase III study, patients
with ACFLD were also allowed to participate.
The primary study endpoint was incidence of
predefined respiratory adverse events of partic-

ular interest (chest discomfort, dyspnea,
abnormal respiration, asthma, bronchial
hyperreactivity, bronchospasm, wheezing).

Respiratory adverse events were significantly
lower in the tezacaftor/ivacaftor subgroup than
in the placebo group (14.0% vs. 21.3%) [57].
The adverse events were mild or moderate in
severity, and no treatment disruption or dis-
continuation occurred. The mean predicted
FEV, at baseline was 44.6% =+ 16.1% in the
tezacaftor/ivacaftor group and 48.0% =+ 18.1%
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in the placebo group. The posterior mean dif-
ference in absolute change in predicted
FEV; from baseline to the average value of days
28 and 56 was 2.7 percentage points for patients
on tezacaftor/ivacaftor treatment versus placebo
[57]. These data indicate substantial clinical
improvement in multiple dimensions, although
relevant adverse events potentially occur. As
patients with ACFLD are the subgroup of
patients with the greatest need for efficient
treatments, the authors believe that the advan-
tages of CFTR modulator therapy outweigh the
disadvantages in this specific patient subgroup
with ACFLD.

O’Shea and colleagues from Dublin, Ireland,
recently published a case series of 14 adults with
ACFLD all receiving elexacaftor/tezacaftor/iva-
caftor as part of a managed access program [58].
The mean predicted FEV, in patients prior to
start of the triple CFTR modulator therapy was
27 + 7.3%, and 64% had CF-related diabetes;
patients had a mean BMI of 20.7 + 3.6 kg/m?
and a median of three hospitalizations in the
year before starting the new drug [58]. All
measured clinical parameters improved signifi-
cantly during this observational study, with a
mean + SD follow-up of 4.9 £ 1.94 months.
Although these are single-center data with
unblinded drug administration and a potential
selection bias, they demonstrate that elexa-
caftor/tezacaftor/ivacaftor is highly effective in
improving multiple clinical parameters, com-
parable to effects seen in individuals with
milder CF [58].

LUNG TRANSPLANTATION
AS STANDARD OF CARE IN CF

In 1988, the first successful double-lung trans-
plantation for CF was carried out by Joel D.
Cooper and colleagues in Toronto, Canada [59].
Just over three decades later, lung transplanta-
tion is considered an accepted therapeutic
option children and adults with progressive
ACFLD if compatible with goals of care [4, 60]. If
transplant candidates are optimally selected, a
net survival benefit and improved health-re-
lated quality of life can be expected [4, 61-63].
Historically, CF is the third most common

primary indication for lung transplantation in
adults, following chronic obstructive pul-
monary disease and idiopathic interstitial
pneumonia [8]. In children and adolescents
undergoing lung transplantation, CF is overall
the most common underlying disease, reaching
67% in children over the age of 11 years [64].

The ISHLT Pulmonary Council published
consensus recommendations for the selection
of candidates for lung transplantation in 2015,
including disease-specific considerations for CF
[6]. Briefly, in candidates with CF, referral
should be considered if the FEV; has fallen to
30% or patients with ACFLD show a rapid
decline despite optimal medical therapy (par-
ticularly female patients), a 6-minute walk test
distance < 400 m, pulmonary hypertension
outside hypoxic exacerbation, or any clinical
deterioration associated with any of the fol-
lowing: acute respiratory failure requiring non-
invasive ventilation, worsening nutritional sta-
tus even with optimal nutritional intake and
supplementation, pneumothorax, life-threat-
ening hemoptysis despite bronchial emboliza-
tion, and an increasing antibiotic resistance and
poor clinical recovery from exacerbations [6].
Specific airway pathogens such as Burkholderia
cenocepacia, Burkholderia gladioli, and multidrug-
resistant Mycobacterium abscessus require partic-
ular attention, as these pathogens are consid-
ered a relative contraindication by some
transplant centers; thus, transplant candidate
evaluation at centers that have substantial
experience with such pathogens and their peri-
and post-transplant management is recom-
mended [6]. However, the general presence of
pan-drug-resistant organisms in patients with
CF does not seem to negatively affect 3- and
12-month post-transplant mortality according
to a recent study using ISHLT Thoracic Trans-
plant Registry data for 697 lung transplant
recipients with CF with pan-resistant infection
compared to 2649 controls [65]. Although
increased infection-related mortality was
shown, it was not predictive of mortality in the
multivariate analysis [65]. Nevertheless, the
study authors highlight the need for very
attentive follow-up of lung transplant recipients
with pan-resistant infections [65].
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According to Weill et al., candidates with CF
should be listed for lung transplantation in the
case of chronic respiratory failure with hypoxia
alone (partial pressure of oxygen < 8kPa
or < 60 mmHg) or with hypercapnia (partial
pressure of carbon dioxide > 6.6 kPa
or > 50 mmHg), long-term noninvasive venti-
latory support, pulmonary hypertension, fre-
quent hospitalization, rapid lung function
decline, or WHO functional class IV symptoms
[6]. For late referrals or prolonged waiting list
times and deteriorating clinical status, extra-
corporeal life support should be considered as a
“bridge” to lung transplant in highly select
candidates of young age, absence of multi-organ
dysfunction, and an appropriate potential for
postoperative rehabilitation [6]. Ideally, candi-
dates considered for a bridge to lung transplant
should already be fully evaluated and listed for
transplant, as a thorough multidisciplinary
transplant assessment takes time. Preopera-
tively, extracorporeal life support systems are
nowadays well established for cardiopulmonary
bridge to lung transplant, even in pediatric lung
transplant candidates, at experienced transplant
centers [66-70]. But extracorporeal life support
as a bridge strategy to lung transplantation is
only advised in patients with a rapidly deterio-
rating condition with severe hypoxemia and/or
hypercapnia, severe pulmonary hypertension,
and/or right ventricular failure, until a suit-
able donor organ becomes available. Today, pre-
transplant extracorporeal life support is con-
sidered a superior alternative to long-term
mechanical ventilation [70]. If possible, patients
on extracorporeal life support as bridge to lung
transplantation should be kept awake, even in
the pediatric setting [60, 71-73]. To avoid late
referrals for lung transplant necessitating the
use of bridging strategies to transplant, early
referral to a transplant center is encouraged.
The US CF Foundation recently set out earlier
thresholds for lung transplant referral in a
consensus guideline document [74]. For adults
with CF, the CF Foundation recommends lung
transplant referral no later than FEV; < 50%
predicted and rapidly falling, or FEV; < 40%
predicted with markers of shortened survival (6-
minute walk test distance < 400 m, hypoxemia
at rest or with exertion, hypercarbia, pulmonary

hypertension), or FEV1 < 30% predicted [74]. In
individuals with CF < 18 years of age, the CF
Foundation recommends lung transplant refer-
ral no later than FEV; < 50% predicted and
rapidly declining FEV; < 50% predicted with
markers of shortened survival (as listed above),
or FEV1 <40% predicted [74]. Currently,
updated consensus recommendations by the
ISHLT Pulmonary Council for the selection of
adult and pediatric lung transplant candidates
are under review, including considerations for
individuals with CF, with publication expected
in 2021. At present, existing consensus guideli-
nes for the candidate selection do not take the
clinical effectiveness of the new CFTR modula-
tor therapies and their use in daily clinical
practice into consideration with regard to rec-
ommended thresholds for transplant referral
and transplant listing. Bermingham et al. very
recently published data on a short-term retro-
spective cohort study from three US centers
including 50 adults with ACFLD on elexacaftor/
tezacaftor/ivacaftor, investigating its potential
impact on lung transplant planning based on
existing CFF guidelines [75]. For this purpose,
patients were theoretically subcategorized as (1)
“meeting indication for transplant center refer-
ral,” (2) “annual transplant-focused discussion,”
or (3) “no transplant planning indicated” [75].
The study authors showed that prior to the start
of triple-combination CFTR modulator therapy,
all study patients fulfilled criteria for either
annual transplant-focused discussion or trans-
plant center referral. Conversely, after the start
of triple-combination CFTR modulator therapy,
seven of 50 patients were re-categorized as no
transplant planning indicated, due to substan-
tial lung function improvement, and 19 fewer
patients fulfilled criteria for transplant center
referral [75]. However, it is important to note
that despite the high clinical effectiveness of
CFTR modulator therapies even in patients with
ACFLD, randomized controlled trial data in this
subgroup are lacking, particularly regarding
long-term durability and potential adverse
clinical effects [76, 77]. Furthermore, there are
individuals with CF who are not eligible for this
regimen due to an underlying genetic defect,
severe drug-related side effects, or lack of clini-
cal response to CFTR modulators. As the CF and
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lung transplant community learns more about
the impact of the new CFITR modulator thera-
pies on long-term outcomes in individuals with
CF, currently recommended thresholds for
transplant referral and transplant listing will
require reassessment.

General contraindications for lung trans-
plantation are described in detail by Weill and
co-authors [6]. Briefly, absolute contraindica-
tions include a recent history of malignancy,
uncorrected coronary artery disease or con-
firmed end-organ ischemia, acute sepsis, gross
obesity, uncorrectable bleeding diathesis, sub-
stantial chest wall or spinal deformity, poorly
controlled chronic pre-transplant infection
with highly virulent and/or resistant pathogens,
active Mycobacterium tuberculosis infection, and
multiple organ failure, unless a combined organ
transplant is an option (e.g., combined liver—
lung transplantation in an individual with
progressive ACFLD and deteriorating liver
function) [6]. Further, substantial non-adher-
ence to medical therapy or a psychiatric/psy-
chological condition resulting in an inability to
adhere to medical therapy or a lack of adequate
of reliable social support could be considered an
absolute contraindication; however, such cir-
cumstances require a sound multidisciplinary
assessment and decision. Relative contraindi-
cations differ among transplant centers, and it is
advisable to get in touch with the transplant
center early in the referral process to discuss
these. As CF is a multisystem disorder, extra-
pulmonary disease manifestations must be
evaluated carefully as part of the lung trans-
plant assessment.

A discussion of CF-specific intraoperative
surgical considerations is beyond the scope of
this review. CF lung transplant recipients need
specialized postoperative care, as CF is a multi-
system disorder, and CF lung transplant recipi-
ents have unique comorbidities [78]. The US CF
Foundation very recently published a consensus
document providing such recommendations to
lung transplant and CF physicians for periop-
erative care and management of CF-specific
comorbidities post transplant [78]. The authors
acknowledge that clinical care teams even of
large-volume lung transplant programs may
well have less experience in the perioperative

management of CF-associated comorbidities,
such as CF-related diabetes mellitus, malab-
sorption, CF-related bone disease, and CF-re-
lated sinus disease, and particularly the
perioperative management of CF-specific
pathogens [78]. Hayes et al. demonstrated that
transplant center volume was not associated
with survival 1-year post lung transplant, based
on United Network for Organ Sharing data;
however, CF-specific knowledge predicted
enhanced long-term outcomes for CF lung
transplant recipients. On the other hand, gen-
eral transplant knowledge was not associated
with post-transplant survival in individuals
with CF [79]. In general, if lung transplant
candidates with CF are carefully selected, lung
transplantation as the ultimate therapeutic
option maximizes overall patient survival and
provides improved health-related quality of life
[4]. The overall post-transplant survival in
individuals with CF has increased in recent
decades to a median of more than 9 years
according to ISHLT Thoracic Transplant Reg-
istry figures, superior to all other primary indi-
cations for lung transplantation [8]. Also, in
children with CF, overall survival following
lung transplantation is nowadays comparable to
that in adults [60, 64]. However, adolescent
lung transplant recipients—predominantly
individuals with CF—have poorer overall sur-
vival than younger children and adults, with
15- to 19-year-old patients experiencing the
highest risk of death [60, 63, 80]. Median sur-
vival in pediatric lung transplant recipients was
7 years for patients undergoing lung transplan-
tation during the period from 2008 to 2016
according to the ISHLT Thoracic Transplant
Registry report [81]. In recent years, the fre-
quency and proportion of adults with CF
undergoing lung transplantation has increased
relative to that in children [82]. Benden and
colleagues analyzed these trends over time, and
examined post-transplant outcome and mor-
bidity in CF lung transplant recipients using
ISHLT Thoracic Transplant Registry data com-
prising more than 5000 patients [82]. The
authors showed that post-transplant survival
has recently increased, and so has the mean
patient age; thus, a growing number of adults
with CF currently receive lung transplants [82].
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Further, adults with CF after lung transplanta-
tion have superior outcomes compared to chil-
dren, and amongst adults, younger patients
have inferior outcomes compared to older
individuals [82]. To date, there are limited data
on the impact of the new, highly effective CFTR
modulator therapies on the number of lung
transplants performed in individuals with CF. A
very recent French study collecting national
data on lung transplant activity from December
2019 to August 2020 revealed a twofold decline
in the number of lung transplant procedures for
CF compared with the previous 2 years [83].
Although these are preliminary data covering
lung transplant activity only in France over a
short time period, the impact of the new CFTR
modulator therapies seems substantial. Never-
theless, additional multinational data are nee-
ded to more thoroughly evaluate the long-term
impact of the newer treatments on lung trans-
plant volumes. Overall, early post-transplant
complications include primary graft dysfunc-
tion and cytomegalovirus and other infections.
The latter remains a particular issue in lung
transplant recipients with CF due to the chronic
pulmonary infection with typical CF pathogens
pre-transplant, including the upper airways in
individuals with known chronic CF-related
sinus disease. The major obstacle for extended
post-transplant survival remains the develop-
ment of chronic lung allograft dysfunction
(CLAD), which affects pediatric and adult lung
transplant recipients alike [8, 64]. Bronchiolitis
obliterans syndrome (BOS), the most common
form of CLAD, is the primary cause of death at 5
years after lung transplantation [8]. Clinical
practice guidelines for the diagnosis and man-
agement of BOS were published as a combined
effort by three medical professional societies
[84]. As the understanding of patterns and
heterogeneity within BOS and the pathophysi-
ology of lung allograft dysfunction evolved over
time, the Pulmonary Council of the ISHLT
published a consensus report in 2019 proposing
the term chronic lung allograft dysfunction as
an umbrella term to describe the clinical range
of pathologic processes occurring in the lung
allograft leading to persistent lung function
decline in lung transplant recipients [85].
Briefly, CLAD is defined by a decrease of > 20%

in FEV; for > 3 months from post-transplant
baseline, after exclusion of other potential cau-
ses [85]. The post-transplant baseline value is
calculated from the mean of the two best post-
operative FEV; measurements taken more than
3 weeks apart [85]. The etiology of CLAD is
probably multifactorial, its underlying mecha-
nisms are complex, and much of its patho-
physiology remains unknown [86]. The recent
advances in the understanding of the patho-
physiological mechanisms of CLAD and its dif-
ferent phenotypes were just reviewed in detail
by Verleden and colleagues [86]. In CLAD-BOS,
the most common clinical CLAD phenotype,
persistent micro-injuries caused by gastroe-
sophageal reflux, viruses, microbes, etc., to the
lung graft epithelium seem to result in chronic
airway inflammation and aberrant wound
healing with fibroblast activation and migra-
tion, eventually leading to small airway oblit-
eration [86]. To date, no well-proven
therapeutic approach is available to successfully
treat CLAD in lung transplant recipients, either
adults or children, according to a recent sys-
tematic review by Benden and colleagues [87].
Treatment approaches include a change/aug-
mentation of immunosuppression, and use of
neo-macrolides, extracorporeal photopheresis,
and total lymphoid irradiation, but no ran-
domized controlled trials have been conducted
applying any of these therapies [87]. Several
therapies have been or are being investigated for
targeting CLAD-BOS after lung transplantation,
including as aerosolized liposomal cyclosporine
[88], alemtuzumab, a monoclonal antibody
directed against CDS52 [89], and antifibrotic
drugs (pirfenidone, nintedanib) [90]. In the
future, novel therapies are urgently needed, in
particular new therapeutic approaches that not
only slow or stabilize lung function decline but
also reverse the disease process itself. Until
then, CLAD remains the Achilles’ heel of lung
transplantation.
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THE POTENTIAL ROLE OF CFTR
MODULATORS POST LUNG
TRANSPLANTATION

With the substantial effectiveness achieved by
CFTR modulator therapies with regard to CF
lung disease and its impact on referral, listing,
and lung transplant procedures, the focus of
CFTR modulator use shifts to their impact on
extrapulmonary disease manifestations of CF as
a multisystem disorder. Thus, there is poten-
tially a role for CFTR modulators even post lung
transplantation, as extrapulmonary comorbidi-
ties of CF remain an even greater issue after
successful lung transplantation, often with a
substantial impact on individuals’ health-re-
lated quality of life. However, it is beyond the
scope of this review to evaluate the role of CFTR
modulators in non-lung transplant recipients
with CF.

It is important to note that primary out-
comes of CFTR modulator clinical studies have
focused on lung function improvement for
licensing issues; however, CFTR modulators are
systemic therapies affecting tissues and organs
where CFTR is expressed. Positive effects of
CFTR modulators have been noted in CF-related
sinus disease, CF-related gastrointestinal disease
manifestations, and CF-related diabetes; never-
theless, to date, these effects have not been
studied systematically in randomized controlled
trials [91-93].

In the case of a treatment trial of CFTR
modulators post lung transplantation, caution
is needed concerning potential drug-drug
interactions, as these drugs are metabolized
through cytochrome P450 enzymes [93]. This is
of particular importance in the post-transplant
setting, as calcineurin inhibitors (cyclosporine,
tacrolimus) are routinely prescribed as part of
the standard immunosuppression therapy
regime. Further, azoles are frequently used for
antifungal prophylaxis and treatment. It is
advisable to seek advice from a pharmacist with
knowledge of the pharmacology of CFTR mod-
ulators and potential drug interactions. It is
critically important to prevent subtherapeutic
immunosuppressant drug levels on the one
hand, and increased risk of opportunistic

infection or nephrotoxicity due to over-im-
munosuppression on the other hand. Pre-
scribers have to follow indications and
restrictions for CFTR modulator use in solid
organ transplant recipients as set by medical
licensing agencies and their countries’ reim-
bursement policies, as CFTR modulators are
expensive and reimbursement is limited in
some countries.

Hayes et al. very recently published a case
series of five lung transplant recipients with CF
who were started on CFTR modulator therapy
[94]. All patients received induction therapy
with basiliximab and standard triple immuno-
suppression including tacrolimus, mycopheno-
late, and steroids. Three patients were started on
tezacaftor/ivacaftor pre-transplant and contin-
ued on dual CFTR modulator treatment after
transplantation; the other two patients were
placed on elexacaftor/tezacaftor/ivacaftor post
transplant [94]. The authors of the case series
describe the extrapulmonary benefits in each
individual patient, including predominantly
improvement in nutritional status and reduced
symptoms of CF-related chronic sinus disease
[94]. Only one of the five lung transplant
recipients demonstrated mildly elevated live
enzymes within 1 week of starting triple CFTR
modulator therapy (elexacaftor/tezacaftor/iva-
caftor) [94]. The authors point out the safe
usage of CFTR modulators in their small patient
cohort and the extrapulmonary benefits seen;
however, Hayes et al. also highlight disadvan-
tages of the CFTR modulator usage post lung
transplantation including drug-drug interac-
tions, the need for drug dosage adjustments,
and treatment costs [94]. Ramos et al., in a
recently published review article, discuss addi-
tional potential benefits of CFTR modulator
therapy following lung transplantation [95].
The authors focus on the multifactorial devel-
opment of CLAD post lung transplant and the
extrapulmonary manifestations of CF that
potentially contribute to CLAD development
such as gastroesophageal reflux disease and CF-
associated chronic sinus disease [95]. Further, as
there is evidence that the CFIR protein works as
a tumor suppressor, improvement in CFTR
function could potentially reduce the risk of
malignancies following lung transplantation
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[95]. Based on the current published literature, a
recent CF Foundation consensus statement
found a lack of evidence to recommend for or
against the use of CFTR modulators in patients
after lung transplantation [78]. There remains a
need for clinical studies to assess the safety and
efficacy of CFTR modulator therapy in CF lung
transplant recipients.

Finally, organ allocation practices may need
to be readdressed in the future taking into
consideration the clinical impact of highly
effective new CFTR modulator therapies in lung
transplant candidates with CF. Given that organ
allocation practices are governed not only by
medical and bioethical necessities, but also by
traditions, legislation, and practical circum-
stances that vary substantially across the world
[96], this aspect is well beyond the scope of this
review article.

CONCLUSIONS

Overall, survival in individuals with CF has
improved substantially in recent years, even
before treating the underlying defect in the
gene encoding the CFIR protein. Despite the
fact that CF is a multisystem disorder affecting
tissues and organs where CFTR is expressed, CF
lung disease causes most of the morbidity and
mortality. At the present time, lung transplan-
tation is considered the ultimate therapeutic
option for individuals with progressive ACFLD.
Since CFTR modulators have become available,
these drugs are now being used in selected
individuals even with ACFLD and have shown
promising results; however, randomized con-
trolled trial data on CFTR modulators in this
subgroup of patients are lacking. Therefore,
further randomized controlled trials in patients
with ACFLD are needed. And ultimately, new
consensus guidelines for the selection of CF
candidates for lung transplantation should take
the new CFTR modulator therapies into con-
sideration regarding timing of referral and tim-
ing of listing for transplant.
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