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ABSTRACT

Introduction: Cystic fibrosis (CF) is a life-threatening inherited disease caused by mutations in the gene
encoding the CF transmembrane conductance regulator (CFTR) protein, an anion channel expressed at
the apical membrane of secretory epithelia. CF leads to multiorgan dysfunction with progressive
deterioration of lung function being the major cause of untimely death. Conventional CF therapies
target only symptoms and consequences downstream of the primary genetic defect and the current life
expectancy and quality of life of these individuals are still very limited.

Area covered: CFTR modulator drugs are novel-specialized therapies that enhance or even restore
functional expression of CFTR mutants and have been approved for clinical use for individuals with
specific CF genotypes. This review summarizes classical approaches used for the pre-clinical develop-
ment of CFTR correctors and potentiators as well as emerging strategies aiming to accelerate modulator
development and expand theratyping efforts.

Expert opinion: Highly effective CFTR modulator drugs are expected to deeply modify the disease
course for the majority of individuals with CF. A multitude of experimental approaches have been
established to accelerate the development of novel modulators. CF patient-derived specimens are
valuable cell models to predict therapeutic effectiveness of existing (and novel) modulators in
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a precision medicine approach.

1. Introduction

Cystic fibrosis (CF), the most common lethal autosomal reces-
sive inherited disease in Caucasians, is caused by mutations in
the gene encoding the CF transmembrane conductance reg-
ulator (CFTR) protein, a chloride (CI") and bicarbonate (HCO3")
channel expressed at the apical plasma membrane (PM) of
epithelial cells [1,2]. The premature degradation or dysfunc-
tion of CFTR protein leads to an impaired transepithelial bal-
ance of fluid and electrolyte, resulting in dehydration and
alteration of physicochemical properties of mucus in the
epithelial lining of several organs [1,2]. Clinically, the disease
is characterized by severe sinopulmonary and gastrointestinal
manifestations, pancreatic insufficiency, elevated levels of
sweat chloride, and male infertility, among other symptoms
and signs. Despite its multifaceted effects, the progressive
deterioration of lung function depicts the major cause of
morbidity and mortality in CF [1-3].

Traditionally, CF therapeutic regimens have been focused
on managing symptoms and preventing complications. These
include time-consuming physical and inhaled therapies, and
a large number of daily medications to enhance airway clear-
ance, alleviate inflammation, combat lung infections and sup-
plement the missing pancreatic enzymes. Together with early
diagnosis and improvements in interdisciplinary healthcare, CF
life expectancy has increased from the early childhood in the

1960s to beyond the third decade nowadays [4,5]. However,
these individuals are still susceptible to substantial clinical and
psychosocial burdens, which negatively impact on their qual-
ity of life [3]. In order to efficiently enhance quality of life and
the current life expectancy in CF, the disease must be treated
beyond its symptoms by targeting the primary defect asso-
ciated to CFTR mutations, thereby preventing the pathological
cascade of events downstream of CFTR dysfunction.

CFTR is a member of the ATP-binding cassette (ABC) trans-
porters superfamily and its structure is composed of two
equivalent halves, each containing a transmembrane domain
(TMD1 and TMD2) and a nucleotide-binding domain (NBD1
and NBD2) (Figure 1). The TMD segments form the channel
pore through which anions are conducted and these seg-
ments are linked through extra- and intracellular loops (ECLs
and ICLs, respectively). The NBDs regulate channel gating by
binding and hydrolyzing ATP. Finally, a highly disordered
regulatory domain (RD) - unique to CFTR - connects the two
halves of the protein and participates in the regulation of
channel activity [6,7]. Interdomain interactions occur during
CFTR folding process and these are crucial for this complex
protein to achieve its native conformation and channel func-
tion [8].
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Article Highlights

o Different CFTR modulator therapies are required for CFTR mutants
with distinct primary defects.

e Unraveling the mechanisms of action of individual modulators will
aid in selecting combinations with additive/synergistic actions to
increase clinical outcomes.

e In vitro studies have been useful in extending the label of approved
modulator therapies for rare and ultra-rare CFTR mutations.

o A multitude of novel approaches have been developed to circumvent
barriers and accelerate the discovery of novel modulator drugs.

o Patient-derived specimens are valuable tools for precision medicine
application.

o Highly effective CFTR modulator therapies are available for clinical
use and are expected to deeply modify the disease course for the
majority of individuals with CF.

This box summarizes key points contained in the article.

Although the deletion of a phenylalanine at position 508
(F508del in NBD1) is the most prevalent CFTR mutant and
found in ~80% of individuals with CF worldwide [1,3], over
2,100 CFTR gene variants have been identified (Cystic Fibrosis
Mutation Database, http://www.genet.sickkids.on.ca/Home.
html), of which more than 350 have confirmed disease liability
(Clinical and Functional Translation of CFTR, https://cftr2.org/).
These mutants have been segregated into six main classes
according to their primary cellular defects, characterized by
alterations in: expression (class 1), folding/traffic (class Il), gat-
ing (class Ill), conductance (IV), abundance (class V) and PM
stability (class VI) [3,9,10]. Nevertheless, several mutants pos-
sess pleiotropic defects and are associated to multiple classes,
including F508del, which primarily impairs CFTR protein fold-
ing, processing and trafficking to the PM, but also exhibits
defective gating and reduced stability when it achieves the
PM [9-13].

Over the last decade, significant efforts into high-
throughput screening (HTS) of small molecule libraries
have enabled the identification of CFTR modulator drugs.
These specialized types of small molecules can restore the
cooperative domain folding of the CFTR protein and its
trafficking to the PM (correctors), enhance the channel
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open probability (potentiators), or stabilize the protein
when it is located at the PM (stabilizers). In addition of
these modulator types, read-through agents and amplifiers
are in early-stage clinical trials aiming to provide ‘on target’
therapies for individuals with CF carrying premature termi-
nation codon mutations, which lead to no CFTR protein
synthesis or translation of shortened, truncated forms [3].
Indeed, the first-in-class amplifier was found to selectively
enhance CFTR translation by stabilizing CFTR mRNA [14],
which might compensate eventual failures over the various
steps of CFTR gene expression and thus promoting additive
actions in combination with other CFTR modulator drugs.
Moreover, microRNA-based therapeutics may have
a potential role as adjunct strategies to enhance CFTR mod-
ulator drugs effects and have been further discussed else-
where [15].

The CF drug development pipeline continues to expand
with the discovery of novel small molecules from different
chemical series able to correct specific defects in the mutated
CFTR structure. Furthermore, recent novel insights into the 3D
CFTR structure provide great support for the rational design of
next-generation modulator drugs [6,7]. To date, four CFTR
modulator drugs have reached the market: the potentiator
VX-770 (ivacaftor) and the correctors VX-809 (lumacaftor), VX-
661 (tezacaftor) and VX-445 (elexacaftor). These drugs repre-
sent landmarks in CF therapeutics as they act on the root
cause of the disease and have demonstrated to improve
lung function and nutritional status and reduce pulmonary
exacerbations and sweat chloride levels in individuals with
specific CF genotypes [16-21]. Despite such progress, there
is still scope for further enhancement as these drugs only
partially correct CFTR dysfunction [22,23] and long-term clin-
ical studies indicate that individuals with CF still face disease-
related symptoms and complications, albeit at lower fre-
quency [22,23]. Furthermore, the process of matching modu-
lators with mutations, known as theratyping, remains
unfinished. Indeed, some CFTR mutations are demonstrated
to be unresponsive or only modestly corrected (below thera-
peutically relevant levels) by experimental and clinically avail-
able modulator drugs [24-32]. A considerable challenge
persists for rare and ultra-rare CFTR mutations as traditional

NBD1

Figure 1. Overall structure of CFTR. (a) CFTR structure is composed of 5 domains: two transmembrane domains (TMD1 and TMD2), two nucleotide-binding domains
(NBD1 and NBD2) and a regulatory domain (RD). (b) Ribbon diagram of two views of the dephosphorylated, ATP-free conformation of human CFTR. Notably, only
a small fraction of RD is represented as most of its structure remains unresolved (PDB: 5UAK) [6].
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clinical trial designs may not be feasible (and underpowered)
due to low number of individuals worldwide.

Various experimental protocols and assays have been
developed and optimized to evaluate modulator effects in ex
vivo individual-derived specimens, such as human nasal
epithelial (HNE) cells as a surrogate for human bronchial
epithelia (HBE), and intestinal/respiratory organoids [33-37].
These cell models are precision medicine tools as they recapi-
tulate several features of parental tissue and may be used to
predict therapeutic effectiveness of modulators at an indivi-
dual level. Here, we have summarized classical and novel
approaches for the development of CFTR modulator drugs
and remaining challenges that should be addressed to expand
the number of individuals with CF benefiting from highly
effective modulator therapies.

2. Classical drug discovery

The identification of CFTR modulator drugs has been pursued
primarily by screening libraries of natural or synthetic com-
pounds, having maximal chemical diversity, using a diversity
of cell models and HTS methodologies. The search for CFTR
potentiators has been particularly successful since its begin-
ning. Indeed, many active compounds were identified during
the very first campaigns of HTS [38,39]. However, only one of
these potentiators - the already mentioned VX-770 [40] - has
been approved so far for clinical use. On the other hand, the
search for CFTR correctors has been more challenging, and, at
least in its early phases, less successful compared to that for
potentiators. While in the case of potentiators the use of
a functional assay for the primary screens was intuitive, the
identification of correctors relied on HTS approaches using
functional or biochemical assays, based on the assumption
that improved CFTR processing could be detected by measur-
ing CFTR activity and expression at the PM.

2.1. The first drug discovery projects: classical assays
and cell lines

The first F508del-CFTR correctors were reported in 2005 [41].
A large library consisting of 150,000 small molecules was
screened using the microfluorimetric, functional assay based
on a halide-sensitive yellow fluorescent protein (HS-YFP)
(Figure 2A). Fischer rat thyroid (FRT) epithelial cells co-
expressing F508del-CFTR and the HS-YFP were chosen as cell
model given their negligible activity of endogenous CI~ chan-
nels, and their suitability with HTS workflow [42-44]. The study
led to the identification of five chemical classes of F508del-
CFTR correctors, among which class 4 correctors (Corr-4)
appeared as the most interesting, improving folding efficiency
and thus stabilizing core-glycosylated F508del-CFTR mutant,
and showing modest efficacy on primary HBE derived from
individuals with CF homozygous for the F508del mutant [41].

In the same period, Vertex Pharmaceuticals was also pursu-
ing the discovery of correctors. A library of 164,000 drug-like
molecules was screened using a microfluorimetric, functional
assay on NIH-3T3 cells, a mouse embryonic fibroblast cell line,
stably expressing F508del-CFTR [45]. The functional assay
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detected mutant CFTR channel activity as changes in
a fluorescence signal (resembling cellular membrane poten-
tial) caused by cAMP-stimulated depolarization in the pre-
sence of a Cl ~ gradient (Figure 2B). The first correctors
screen resulted in the identification of 13 chemical classes
and a counter screen in a second cell model (FRT cells stably
expressing this CFTR mutant) confirmed the activity as correc-
tors for 6 of these classes [45]. Subsequent round of optimiza-
tion of one of the hit compounds identified in this primary
screening led to corrector VX-809, particularly effective on CF
primary bronchial epithelia [46]. Indeed, its in vitro efficacy
pushed forward its advancement into clinical trials, consider-
ing also the favorable drug properties.

A third example of drug discovery project for correctors
was the one performed at the McGill University, where
a library of 42,000 compounds was tested by means of
a biochemical high-throughput assay on baby hamster kidney
(BHK) cells stably expressing F508del-CFTR bearing a triple
hemagglutinin (HA) epitope tag on the fourth extracellular
loop, so that expression at the PM could be detected using
a fluorescent secondary antibody [47] (Figure 2C). This study
identified several active compounds, in particular the
approved drug sildenafil, having activity as F508del-CFTR cor-
rectors. Later, the same authors adopted a new assay, based
on differential scanning fluorimetry, to identify compounds
directly acting on the mutated NBD1 domain of F508del-
CFTR. On this way, the authors were able to demonstrate the
ability of the previously identified phenylhydrazone RDR01752
[48] to bind to and stabilize purified murine F508del-NBD1
in vitro [49].

Very recently, a novel assay exploiting high-content ima-
ging methodology has been developed [50]. This assay pro-
vides simultaneous measurements of both CFTR function and
CFTR membrane proximity based on the expression of two
fluorescent proteins: a cytosolic mCherry protein and a HS-YFP
fused to the intracellular N-terminal of CFTR [50]. The mCherry
expression allows image segmentation and accurate localiza-
tion of the cell membrane by marking the border of cells, but
it is also useful as an internal standard for the normalization of
YFP-CFTR expression [50]. The time course of YFP quenching
in response to extracellular iodide addition informs on anion
conductance [50]. At the same time, evaluation of fluorescent
signals corresponding to total cellular YFP-CFTR and YFP-CFTR
within the membrane-proximal zone provides a readout of
efficiency of CFTR maturation and trafficking, as well as of
the overall rates of biosynthesis and degradation of the pro-
tein [50].

2.2. Relevance of primary cell models in the
development of CFTR modulators

In general, the development of assays for CFTR modulators
based on heterologous expression systems has several advan-
tages. First, these cells are available in large quantities, and
usually their cell culture procedures are relatively easy.
Second, heterologous expression systems allow to study any
CFTR mutant, once the desired mutation has been introduced
in the CFTR coding sequence and then, by means of an
appropriate expression vector, delivered to the recipient cell.
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Figure 2. Classical assays used in CFTR modulator discovery process. (a) Halide sensitive-yellow fluorescence protein (HS-YFP) assay [41,44]. (b) Membrane potential

functional assay [45]. (c) Biochemical assay [47].

On the other hand, primary HBE cells from individuals with CF
are usually available in limited number and cannot be used for
large-scale studies. Primary cell cultures are usually more
expensive and difficult to obtain, in particular for uncommon
CFTR mutations. In addition, responsiveness of a rare CF muta-
tion in these native cells might be difficult to assess due to the
presence of a different mutation in the second allele.

It should be considered that only primary airway epithelial
cells derived from individuals with CF may provide the advan-
tage to test compounds in a native system. In the case of
pharmacological modulation of gating mutations, this might
be not relevant, since potentiators are in general not affected
by cell background [51]. However, it has been demonstrated
that corrector activity is strongly influenced by cell



background, and pharmacological rescue of F508del-CFTR
may differ when the same compound is evaluated in different
cell models [51]. As a consequence, it is highly recommended
that putative correctors identified by HTS in a heterologous
expression system, are rapidly validated in primary HBE.
However, validation of many putative correctors on primary
cultures of bronchial cells might be impractical, depending
not only on the genotype under investigation, which is parti-
cularly important when dealing with precision medicine
approaches, but also on the type of assays to be performed.
Indeed, the classical method for testing the efficacy of mod-
ulators on primary airway epithelial cultures consists of short-
circuit current recordings, which is a low-throughput electro-
physiological technique. However, a novel assay has been
recently proposed, based on the use of a membrane potential
sensitive dye to monitor apical chloride conductance
mediated by normal and mutant CFTR in airway epithelium,
in a medium-throughput manner [52].

The use of immortalized CF bronchial epithelial (CFBE4107)
cells heterologously expressing a desired CFTR mutation may
be a feasible option to narrow the number of hit compounds
to be further validated in primary HBE cells as it is a more
physiologically relevant cell model to CF compared to other
cell lines. Distinct systems have been optimized to facilitate
the generation of CFBE410™ cell lines expressing certain CFTR
mutations, including those which allow for incorporation of
multiple copies, inducible promoters or containing a single
recombinant target site for integration [24,53-55].

The increasing number of CFTR modulator drugs that are in
experimental development or in clinical trials has urged the
need for predictive in vitro models for testing CF therapies in
a precision approach. Several protocols have been optimized
to circumvent the limitations in obtaining HBE by using other
patient-derived specimens, including HNE cells [33,34] and
rectal biopsy-derived intestinal organoids [35,36]. These cell
models also offer the advantage of predicting modulator
effectiveness at an individual level. Indeed, a variability in
therapeutic responses for modulator therapy has been
observed even in those individuals carrying the same CF
genotypes [3,16,56]. These novel cell models are further dis-
cussed in section 3.

2.3. Mechanism of action of modulators

The reason why the activity of CFTR modulators can be influ-
enced by cell background resides in their mechanism of
action. Several evidences demonstrate that potentiators act
by interacting directly with CFTR. This interaction can occur
at different sites of CFTR domains. Several potentiators, includ-
ing genistein, likely interact with the NBD1:NBD2 dimer to
modify ATP-dependent channel gating [57-59]. On the other
hand, in the case of VX-770 and ABBV-974, an investigational
potentiator, their binding site is more likely located between
the TMDs near a twist in the transmembrane segment 8
[60,61].

Small molecules that overcome protein misfolding improv-
ing mutant CFTR trafficking to the PM may have different
mechanism of actions, acting as either pharmacological
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chaperones or as protein homeostasis (or proteostasis, i.e.
dynamic balance of the proteome) regulators [62].
Proteostasis regulators lead to beneficial effects on CFTR pro-
cessing by modulating the proteostasis network, which
includes all the molecular components that control biogen-
esis, folding, trafficking and degradation of proteins [62-66].
On the opposite, pharmacological chaperones act directly on
mutant CFTR by stabilizing specific CFTR domains and/or by
improving CFTR interdomain interactions [55,65]. Thus, only
pharmacological chaperones are indeed CFTR modulators,
since the target of proteostasis regulators is not CFTR itself,
but other cell proteins whose modulation eventually results in
increased CFTR processing. As a consequence, activity of pro-
teostasis regulators may be dependent on the cell model on
which the compounds are being tested, whereas the activity
of CFTR correctors (i.e. pharmacological chaperones) is usually
conserved across different cell models [51].

Single correctors demonstrated to have limited efficacy in
rescuing F508del-CFTR, and the consequences of F508del on
NBD1 folding and its interdomain interactions was further
investigated [2,66]. By using CFTR genetic revertants
(i.e. second site mutations that are in cis with F508del) able
to correct either NBD1 misfolding or its interaction with ICL4,
Mendoza and collaborators demonstrated that a higher level
of CFTR rescue could be achieved when combining revertants
that act on different structural defects, thus bypassing the
efficacy ceiling [66]. Thermodynamics analyses of NBD1 fold-
ing and the stability of the NBD1:ICL4 domain interface led to
similar conclusions [67]. Based on these studies, the existence
of three different classes of CFTR correctors was postulated,
depending on their mechanism of action: type | correctors
targeting the NBD-TMD interface, type Il targeting NBD2
and/or its interfaces and type lll facilitates NBD1 folding and/
or impedes its unfolding [65]. Analysis of known CFTR correc-
tors demonstrated that VX-809 is the prototype of the first
class of molecules, while Corr-4a belongs to type Il correctors
[65]. A recent analysis of the mechanism of action of
RDR01752 indicated that this compound fills the pocket at
the NBD1:ICL4 interface in F508del-CFTR, thus acting as
a type | corrector, similarly to VX-809 and VX-661 [68], and
the investigational correctors ABBV-2222 and FDL-169 [26].

This increased knowledge about the mechanisms of action
of correctors has allowed novel drug discovery campaigns to
identify novel compounds targeting distinct structural defects
of F508del-CFTR. A recent study performed by the Lukacs
group reported the screening of a library of 600,000 drug-
like compounds by means of a novel biochemical high-
throughput assay based on CFBE410™ cells expressing
F508del-CFTR containing a horseradish peroxidase isoenzyme
C (HRP-Q) in its fourth extracellular loop [55]. Two primary
screens were performed to preferentially select type Il and
type Il corrector hits: one in the presence of VX-809 and
another using a F508del-CFTR variant that contained
a revertant mutation, R1070W [67], thus stabilizing the NBD1:
ICL4 interface [55]. The project led to the identification of
three small-molecule series that target defects at NBD1,
NBD2 and their TMD interfaces: group | consisting of the
6258 series of sulfamoyl-pyrrol compounds, group Il contain-
ing the 3151 series of aminothiazole compounds (having
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structural similarity with Corr-4a) and group Ill collecting the
4172 series of pyrazole compounds [55]. This mechanistic
approach led to the first identification of small molecules
endowed with profound rescue efficacy in primary HBE and
HNE cells of individuals with CF, and acting synergistically to
restore up to 50-100% wild-type CFTR function to F508del
and rare mutations located in different domains of CFTR
through structural allostery [55]. More recently, a study from
the same group demonstrated that VX-445 synergistically
restores F508del-CFTR processing in combination with type
I or Il correctors that target the NBD1-TMDs interface and
NBD2, respectively, consistent with a type Il corrector
mechanism [26]. Other studies demonstrated that VX-445
may exert dual activity as both corrector and potentiator [69]
and that its potentiator activity is additive with VX-770 for
potentiation of F508del- and G551D-CFTR channels [70].

3. Novel approaches to modulator discovery

With the rapid adoption of highly effective modulator therapies
for CF [16,20,21], the shrinking number of modulator naive
individuals with CF and the demands of regulators will make
the clinical development of novel CFTR modulators increasingly
challenging. This further increases the requirements for pre-
clinical modulator development to focus on the most promising
candidates for clinical trials, a threshold that was not always
met in the past, as indicated by the poor reproducibility of
some pre-clinical studies that led to poorly justified drug trials
in individuals with CF [71,72]. In order to meet these challenges,
a multitude of novel approaches to modulator development
emerged.

3.1. Expanding the use of the existing modulator drugs
to additional CFTR mutants

Therapy with the potentiator VX-770, which was initially devel-
oped for individuals with CF carrying the G551D mutation [16],
has been FDA-approved for monotherapy of 96 mutants (and
a complex allele) on the basis of results in heterologous
expression systems (Table 1) [3,73-75]. While subsequent stu-
dies largely confirmed the clinical benefit of VX-770 for several
of these mutants [76,77], it has been noticed that efficacy of
CFTR modulator drugs can depend on the model system

[51,78]. Similarly, therapy with the combination VX-661+VX-
770, initially developed for the F508del mutation, was
approved for additional 149 mutations (plus six complex
alleles) (Table 2) [3,18,19,56,79]. The combination VX-445+VX-
661+VX-770 was initially approved for CF individuals who
carry the F508del mutation in at least allele [20,21]. The
approval was recently expanded to 171 additional CFTR muta-
tions (plus six complex alleles) located throughout the channel
based on in vitro data in FRT cells, so far without formal
publication of these results (Table 3) [80]. Notably, many CF
individuals may benefit from more than one therapy as their
mutations may be present in more than one list. However, the
disease liability and response to modulators of only a fraction
of the more than 2,100 mutations in the CFTR gene has been
mapped so far in a process termed theratyping [81].

As an alternative to individual mutant testing, the con-
cept of allosteric corrector combinations provides a more
generalized approach. This concept is based on the post-
translational completion of the CFTR cooperative domain-
folding and the coupled domain-misfolding of F508del and
other folding mutations [8,65-67,82]. It predicts that the
localized stabilization of CFTR domains by correctors of
distinct folding defects will be propagated to distant
regions of the channel and, thereby, combinations of cor-
rectors targeting different CFTR domains may synergisti-
cally stabilize a variety of mutants [26,55]. When this
concept was tested for the type I+lI+lll corrector combina-
tion VX-809+3151+4172 [55] or the type I+lll corrector
combination VX-661+VX-445 [26], the corrector combina-
tion efficacy exceeded that of single correctors in 14 out of
17 corrector responsive mutants, suggesting that the
adoption of the best available corrector combination ther-
apy for most folding mutations is a sensible approach.

Similarly, the additivity or synergy of dual potentiator com-
binations for gating/conductance mutants with incomplete
functional correction by single potentiators was proposed [25,-
,83-87]. While the mechanistic classification of VX-770 and
investigational potentiators is currently only based on their
pharmacological properties [25,87], combinations could pro-
vide therapeutic benefit if the potentiator activity of VX-445 is
confirmed [70].

Table 1. List of CFTR mutations responsive to VX-770 (Kalydeco®) and approved by the FDA.

711 + 3A-G D1152H G194R 1807M Q237H R553Q S1159F
2789 + 5 G-A D1270N G314E 11027T Q359R R668C S1159P
3272-26A-G E56K G551D 11139V Q1291R R792G S1251N
3849 + 10kbC-T E193 K G551S K1060T R74W R933G S1255P
A120T E822K G576A L206W R75Q R1070Q T338l
A234D E831X G970D L320V R117C R1070W T1053I
A349V F311del G1069R L9675 R117G R1162L V232D
A455E F311L G1244E L997F R117H R1283M V562l
A1067T F508C G1249R L1480P R117L S549N V754M
D110E F508C/S1251N G1349D M152v R117P S549R V1293G
D110H F1052v HI939R M9521 R170H S589N W1282R
D192G F1074L H1375P M952T R347H S737F Y1014C
D579G G178E 1148T P67L R347L 5945 L Y1032 C
D924N G178R 1175V Q237E R352Q S977F

Note: Individuals with CF should have one of the mutations listed here in at least one allele. Adapted from Ref [75].
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Table 2. List of CFTR mutations responsive to VX-661+VX-770 (Symdeko®) and approved by the FDA.

546insCTA D1152H G126D 1601F P5L R334L S912L

711 + 3A-G D1270N G178E 1618T P67L R334Q S945 L
2789 + 5 G-A E56K G178R 1807M P205S R347H S977F

3272-26A-G E60K G194R 1980K Q98R R347L ST159F
3849 + 10kbC-T E92K G194V 11027T Q237E R347P S1159P
A120T E116K G314E 11139V Q237H R352Q S1251N
A234D E193K G551D 11269N Q359R R352W S1255P
A349V E403D G551S 11366N Q1291R R553Q 1338l

A455E E588V G576A K1060T R31L R668C T1036N
A554E E822K G576A/R668C L15P R74Q R751L T1053I
A1006E E831X G622D L206W R74W R792G V201M
A1067T F191v G970D L320V R74W/D1270N R933G V232D
D110E F311del G1069R L346P R74W/NV201M R1066H V562l

D110H F311L G1244E L9675 R74W/V201M/D1270N R1070Q V754M
D192G F508C G1249R L997F R75Q R1070W V1153E
D443Y F508C/S1251N G1349D L1324P R117C R1162L V1240G
D443Y/G576A/R668C F508del HI939R L1335P R117G R1283M V1293G
D579G F575Y H1054D L1480P R117H R1283S W1282R
D614G F1016S H1375P M152v R117L S549N Y109N

D836Y F1052v 1148T M265R R117P S549R Y161S

D924N F1074L 1175V M9521 R170H S589N Y1014C
D979V F1099L 1336K M952T R258G S737F Y1032C

Note: Individuals with CF should have the F508del mutation in one allele and one of the mutations listed here in the second allele. Adapted from Ref [79].

3.2. CFTR structure as basis for rational design and in
silico optimization of modulators

The complex polytopic multidomain architecture and ther-
mal instability have made crystal structures of CFTR so far,
an unachievable goal. Early structural studies were able to
solve the structures of the CFTR NBD1 that was stabilized
by multiple mutations [88,89]. The first in silico docking
experiments to predict the binding sites of potentiators
used this structure and NBD2 homology modeling to cre-
ate a model for the NBD1:NBD2 heterodimer [90,91]. The
following iterations were full-length CFTR homology mod-
els based on the structure of bacterial ABC transporters

[92-95]. These homology models were used for docking
studies to predict the binding sites of established correc-
tors, including VX-809 [65,96,97] and Corr-4a [65]. Putative
binding pockets in the NBD1 structure and in homology
models of full-length CFTR were also used for in silico
screening of chemical libraries with some success [98,99];
however, none of the identified compounds seems to have
moved beyond an initial characterization. A more iterative
process uses molecular modeling to increase the potency
and efficacy of CFTR modulators by optimizing their inter-
action with a putative binding pocket, which led to pro-
mising results [100,101].

Table 3. List of CFTR mutations responsive to VX-445+VX-661+VX-770 (Trikafta®) and approved by the FDA.

3141del9 E193K G551D 1980K P574H R352W S1255P
546insCTA E403D G551S 11027T QI98R R553Q 1338l
A46D E474K G576A 11139V Q237E R668C T1036N
A120T E588V G576A/R668C 11269N Q237H R751L T1053I
A234D E822K G622D 11366N Q359R R792G V201M
A349V F191v G628R K1060T Q1291R R933G V232D
A455E F311del G970D L15P R31L R1066H V456A
A554E F311L G1061R L1655 R74Q R1070Q V456F
A1006E F508C G1069R L206W R74W R1070W V562|
A1067T F508C/S1251N G1244E L320V R74W/D1270N R1162L V754M
D110E F508del G1249R L346P R74W/V201M R1283M V1153E
D110H F575Y G1349D L453S R74W/V201M/D1270N R1283S V1240G
D192G F1016S H139R L9675 R75Q S13F V1293G
D443y F1052v H199Y L997F R117C S341P W361R
D443Y/G576A/R668C F1074L HI939R L1077P R117G 5364P W1098C
D579G F1099L H1054D L1324P R117H S492F W1282R
D614G G27R H1085P L1335P R117L S549N Y109N
D836Y G85E H1085R L1480P R117P S549R Y161D
D924N G126D H1375P M152v R170H S589N Y161S
D979V G178E 1148T M265R R258G S737F Y563N
D1152H G178R 1175V M9521 R334L S912L Y1014C
D1270N G194R 1336K M952T R334Q S945L Y1032C
E56K G194V 1502T M1101K R347H S977F

E60K G314E 1601F P5L R347L S1159F

E92K G463V 1618T P67L R347P S1159P

E116K G480C 1807M P205S R352Q S1251N

Note: Individuals with CF should have one of the mutations listed here in at least one allele. Adapted from Ref [80].
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The recent breakthrough in cryo-electron microscopy
(Cryo-EM) provided for the first time the structure of different
states of CFTR with a resolution in the 3-4 A range [6,7]. This
structural information was used to dock the type | correctors
VX-809, VX-661 and C18 to CFTR, which showed a multi-
domain binding site at the interface of TMD1, NBD1 and
TMD2 [102], in agreement with previous results [65,103]. Cryo-
EM also produced the first full-length structure bound to CFTR
modulators, indicating a binding site of the potentiators VX-
770 and ABBV-974 in the TMD:s in a cleft formed by transmem-
brane helices 4, 5, and 8 [60]. The hope is that the structural
data will facilitate structure-based optimization of therapeutic
compounds.

3.3. Novel translational cell models and their predictive
capacity

Heterologous overexpression cell models, allowing for HTS
screening of compound libraries, were a key component in
the CFTR modulator discovery pipeline [40,41,45,46,48]. The
high attrition rate for compounds subsequently tested in pri-
mary airway epithelia, led to the development of some screen-
ing assays in patient-derived specimens [36,104]. However, the
low number of CF patients with rare mutations and the short-
age of CF HBE, mostly obtained from end-stage lung disease
by invasive procedures (bronchoscopy or lung transplanta-
tion), limits the accessibility of these cells and restricts the
progress of mutation-specific pre-clinical drug development
and optimization of precision therapy.

A major limitation in obtaining a feasible number of airway
epithelial cells was overcome by adopting the method of
conditional programming first introduced by Liu and colla-
borators [105,106], which allows primary cells to acquire stem-
like characteristics while retaining their ability to differentiate
into the various epithelial cell types [107]. Under those condi-
tions, the CFTR function is maintained for at least 20 popula-
tion doublings allowing the expansion of any starting material
by a factor of 10° [24]. The limit of rare genotypes was, at least
in part, surmounted by the use of HNE cells instead of HBE,
which are collected by minimal-invasive procedures such as
nasal brushing or scraping of the lower turbinates [33,34,108].
However, since most CF patients with rare genotypes have
compound heterozygous mutations, that is, they carry differ-
ent mutations on both alleles, the attribution of phenotypes
to a specific mutation remains challenging. CRISPR/Cas9-
mediated gene editing to create isogenic 16HBE140~ immor-
talized bronchial epithelial cells expressing homozygous CFTR
mutants has been exploited [109], but since these cell lines
underwent at least two rounds of clonal selection, at the
points of cell-line creation and gene-editing, their physiology
does not necessarily reflect that of primary bronchial cells.
Accordingly, HNE cells have been used more extensively to
identify modulator-responsive mutants [26,110-112]. The
responsiveness of F508del homozygous HNE to VX-809+VX-
770 correlated with the clinical responsiveness of individual
patients, suggesting that functional measurements in HNE are
a predictive biomarker for CF [113,114]. To increase the
throughput of CFTR functional measurements in primary air-
way cells, human airway spheroids and organoids were

developed [37,115-117]. However, these models show limited
response to CFTR modulators leading to an unfavorable
response-to-background ratio.

As an alternative to airway epithelial cells, the isolation and
propagation of LGR5* adult stem cells from intestinal crypts
was established [118,119]. When cultured in matrigel, these
cells spontaneously form fluid-filled lumen structures (termed
as organoids), which allow determining the CFTR function by
forskolin-induced swelling (FIS) and steady-state lumen area
(SLA) assays [35,36]. Intestinal organoids were used to identify
CFTR modulator-responsive mutants [36,86]. CFTR-activity
measurements showed a correlation between the organoid
and clinical responsiveness of a variety of different mutants
to modulator drugs [120] as well as between the residual
F508del-CFTR function in organoids and the lung function in
individual patients [121]. However, since the organoids are
derived from the intestinal epithelium, they might not predict
airway responses to modulators as accurately as airway epithe-
lia models.

Another line of research focuses on the generation of
induced pluripotent stem cells (iPSCs), which overcome the
availability issues in respect to both cell numbers and rare
mutations and that allow the differentiation into several CF
relevant cell types/tissues, including pancreatic ductal epithe-
lial cells [122], cholangiocytes [123,124], intestinal organoids
[125] and macrophages [126,127]. The differentiation of iPSCs
through definitive endoderm, anterior foregut endoderm, and
NKx 2.1" lung progenitors gives rise to proximal airway epithe-
lial cells; however, the resulting cell populations contain
mesenchymal cells [128-130]. A recent publication by
Hawkins and collaborators reports the directed differentiation
of human iPSCs into a homogeneous population of airway
basal cells using a dual fluorescent reporter system (NKX2-
16FP. TPg3tdTomate) " \which can subsequently form a mature
airway epithelium [131]. The hope is that, similar to iPSC-
derived intestinal organoids [132], these cells may be used
for CFTR modulator development. Nevertheless, it is still
unclear to which degree iPSC-derived airway epithelial cells
exhibit the epigenetic- and modifier gene-encoded individual
responsiveness to CFTR modulators, necessary for their func-
tion as a predictive biomarker for clinical responses.

Gene-editing strategies to correct CF mutations in primary
airway cells, intestinal organoids and iPSC with the prospect of
regenerative medicine approaches have been reported and
are reviewed elsewhere [133,134].

3.4. Beyond measurements of CFTR function: additional
readouts to determine modulator efficacy

Loss-of-CFTR-function in airway epithelia leads to mucociliary
clearance (MCC) defects [135,136], reduced air surface liquid
(ASL) height [137], ASL acidification [138,139], as well as imbal-
ance between pro-inflammatory and anti-inflammatory lipid
mediators [140-142]. The MCC defect is the result of increased
mucus viscosity and compromised, uncoordinated ciliary beat-
ing, which can be partially rescued by CFTR modulators, as
determined by multiple particle tracking mucus micro-
rheology [143] and multiscale differential dynamic microscopy
[144], respectively. CFTR modulators VX-809+VX-770 were



found to partially reverse the reduced ASL height of F508del
HBE [46]. To increase the speed of ASL height acquisition,
automated, or semi-automated techniques based on laser
confocal microscopy [145,146] or surface laser reflectance
microscopy [147] have been developed and validated by ion
channel activators and inhibitors. These techniques may be
used for the discovery of novel modulator compounds.
Determination of the apical pH of F508del HBE by dextran
coupled, pH-sensitive, ratiometric fluorophores demonstrated
single or corrector combination-mediated increase in ASL pH
[148]. The modulator combination VX-445+VX-661+VX-770 led
to distinctive changes in the bronchial epithelial cell lipidome,
including a reduction of ceramide levels [149], which are
associated with apoptotic and inflammatory signaling [150].
Measurement of these factors allows determining the physio-
logical response to CFTR modulators in pre-clinical cell mod-
els, which may facilitate the prioritization of modulator
compounds for clinical development.

3.5. Co-culture cell models that capture the effect of
complex interactions between hyper-inflammation,
infection and the modulator efficacy.

Multiple lines of evidence suggest that the excessive inflam-
mation in CF, immune cell infiltration of the airways and
bacterial colonization affect the residual mutant CFTR function
and potentially the modulator efficacy. Bacterial infection -
particularly with P. aeruginosa as the most prevalent pathogen
chronically infecting up to 80% of adults with CF [151] -
exacerbates the inflammatory phenotype in CF by promoting
activation of toll-like receptor (TLR) signaling that further
increases the airway epithelia pro-inflammatory cytokine and
chemokines release as well as further recruiting inflammatory
cells. Furthermore, certain bacterial virulence factors are able
to decrease CFTR total and membrane expression as well as
anion currents, including LasB elastase [152,153] and the
P. aeruginosa CFTR inhibitory factor (Cif), which is present in
secreted outer membrane vesicles and enhances the ubiquiti-
nation and degradation of CFTR [154,155].
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Neutrophils are the predominant leukocytes recruited to the
lung lumen. Once recruited and activated, neutrophils release
antimicrobial peptides, neutrophil extracellular traps (NETSs), reac-
tive oxygen species and proteases [156-158]. The sheer amount of
neutrophil released-serine proteases (neutrophil elastase (NE), pro-
teinase 3, and cathepsin G) overwhelms the antiprotease produc-
tion resulting in a protease-antiprotease imbalance [159,160].
Excessive amounts of NE in the airway-surface liquid in turn induce
interleukin (IL)-8 expression [161,162], upregulate mucin produc-
tion [163,164], cleave antimicrobial peptides [165], promote the
degradation of CFTR [166] further perpetuating the inflammatory
response that cumulates in progressive tissue damage, and corre-
lates to the rate of lung function decline [167,168]. Despite their
excessive infiltration into the CF lung, CF neutrophils fail to eradi-
cate bacterial infections [157,169] and a number of studies suggest
an intrinsic neutrophil function defect in CF [170-172].

Innate immune responses also have the potential to down-
regulate CFTR expression. Transforming growth factor (TGF)-f3
[173-175] and interferon (IFN)-y [176,177] by decreasing CFTR
mMRNA, as well as high concentrations of IL-8 via 3,-adrenergic
receptor desensitization and downregulation [178] lead to
a decreased functional expression of CFTR. Furthermore,
although controversial, reactive oxygen radicals [179], such
as those released by neutrophils, and P. aeruginosa virulence
factor pyocyanin [180] may reduce CFTR function by inhibiting
PKA and/or CFTR mRNA expression [181].

Co-cultures of CF HBE with secreted exoproducts of
P. aeruginosa were the first in vitro models to capture these
interactions and demonstrated an attenuation of efficacy of
modulator-mediated mutant CFTR correction [182,183] (Figure
3A). Deletion of the LasR transcriptional regulator of quorum
sensing [153] or inhibition of outer-membrane vesicle fusion
with epithelial cells [184] prevented the deleterious effect of
P. aeruginosa on F508del-CFTR correction, indicating that the
modulator efficacy may depend on the bacterial strains pre-
sent in the patient’s lung. On the other hand, Gentzsch and
collaborators reported that apical exposure of HBE cultures
with supernatants from mucopurulent material, containing
the soluble infectious and inflammatory factors present in CF
airways in vivo, led to an increased response to CFTR

a b C
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Figure 3. Schematic depictions of in vitro co-culture systems. (a) Differentiated HBE cultured at air-liquid interface (ALI) are apically exposed to bacterial exoproducts
[164,165] or supernatants from mucopurulent material (SMM) [185]. (b) Inverted ALl model which allows studying neutrophil transmigration upon apical HBE
exposure to bacteria or chemoattractants [186]. (c) Lung-on-a-chip model which contains channels for extracellular matrix (ECM) embedded fibroblast culture,
combined human umbilical vein endothelial cell (HUVEC)/fibroblast culture and HBE culture at ALI. Cells are fed via medium channels and nutrients diffuse through
porous poly(dimethylsiloxane) (PDMS). Reproduced from Ref [190] with permission from the Royal Society of Chemistry.
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modulators [185], substantiating the notion that the inflam-
matory milieu has a major impact on the efficacy of CFTR
modulators.

As a next step, in vitro models incorporating innate
immune cells were created. The co-culture of primary human
neutrophils with HBE on opposite sides of a 3 um pore size
filter support allowed measuring the transmigration of neu-
trophils in response to a chemoattractant gradient or apical
infection with P. aeruginosa [186,187] (Figure 3B). A similar
model, using a CF bronchial epithelial cell line, basolateral
macrophages derived from the THP-1 monocyte cell line and
apical infection with P. aeruginosa was recently reported [188].
To our knowledge, similar experiments using primary CF air-
way epithelia to study the effect of CFTR modulators on
transmigration, cytokine secretion and bacterial eradication
have not been reported, but could serve as a powerful tool
to study modulator efficacy in a pre-clinical model.

To more closely mimic the lung environment in vitro,
lung-on-a-chip devices have been constructed. First sys-
tems, combining a differentiated, mucociliary bronchiolar
epithelium and an underlying microvascular endothelium
that experiences fluid flow, were used to study the drug-
sensitive cytokine secretion in asthma and chronic obstruc-
tive pulmonary disease [189]. Recent iterations of such
systems included human lung fibroblasts embedded in
extracellular matrix in a 96-well plate that could support
medium throughput compound screening approaches
[190] (Figure 3C). Using this lung-on-a-chip system, Mejias
and collaborators showed increased neutrophil recruitment
into the microvascular compartment if CF HBE were used
in the epithelial layer [190]. The prospect of lung-on-a-chip
systems is to replace animal models [191], which bears
particular relevance for CF, since rodent models do not
recapitulate all aspects of the lung disease [192,193].

4. Conclusion

The introduction of highly effective modulator therapies
constitutes a milestone in CF therapy. The combination
VX-445+VX-661+VX-770 provides unprecedented clinical
benefits to individuals with CF carrying at least one allele
of the F508del-CFTR mutation by promoting a gain in
percentage of predicted forced expiratory volume in 1 sec
(ppFEV,) of 14.3% relative to placebo administration and
reduction of sweat chloride by 41.8 mmol per liter in
compound heterozygous patients [21]. In individuals with
CF homozygous for the F508del mutation, this triple com-
bination resulted in 10.0% gain in the ppFEV; in addition
to that of only VX-661+VX-770 treatment and reduction of
sweat chloride by 45.1 mmol per liter [20]. Considering the
~6.8% improvement in the ppFEV; upon VX-661+VX-770
administration [18], the estimated absolute clinical efficacy
of the combination VX-445+VX-661+VX-770 in homozy-
gous F508del-CFTR (~16.8% increase in ppFEV1% relative
to placebo) exceeds that of ivacaftor in compound hetero-
zygous G551D patients, which results in ppFEV; gain of
10.6% and sweat-chloride reduction of 48.1 mmol per liter

[16]. With the discovery of novel modulators and label
extension of those already approved for clinical use, the
hope is that CFTR modulator therapies will become avail-
able for all patients with folding, gating or residual func-
tion mutations and CF will be transformed from a life
threatening to a more manageable chronic disease.

5. Expert opinion

The advent of highly effective modulator therapies in the CF
clinic has created excitement not only for patients and famil-
iars but also for clinicians and researchers in the field. The
hope is that these therapies will deeply modify the disease
course for the majority of individuals with CF. While long-term
benefits of the triple combination VX-445+VX-661+VX-770
remain to be demonstrated, long-term use of VX-770 has
indeed been associated with multiple clinical benefits, includ-
ing indicators of a reduced need for lung transplant [194,195].
Nevertheless, in the first phase llI clinical trials of VX-770 alone
or in combination VX-445+VX-661, the mean baseline ppFEV,
was between 60% and 65%, implying only partial normaliza-
tion of the lung function after 24 weeks treatment [16,21] or at
4 weeks [20]. Long-term studies also indicate that adult G551D
patients still experience progressive loss of their lung function
[22,196,197] and P. aeruginosa infection, albeit at reduced
frequency [198]. While the incomplete lung function correc-
tion is presumably in part due to the structural damage
incurred during the course of the disease, which may be
prevented by early therapy onset, increasing the functional
correction efficacy may provide additional benefit to patients
with modulator responsive mutations.

The CFTR modulators currently available represent effective
causative therapies for 85-90% of the entire CF population;
however, 10-15% of CF individuals, who are likely to carry
rarer CF genotypes, remain without any of these therapies.
Moreover, many eligible CF patients do not have access to
these drugs due to their very high costs and regulatory issues
in national health systems that do not approve their reimbur-
sement, which poses an additional challenge that should be
considered and further discussed in order to find feasible
solutions.

The CF therapeutic development landscape is robust with
a considerable number of promising novel CFTR modulator
drugs under investigation. A better understanding of the
mechanism of action of these investigational molecules, rather
than only knowing they exert a desired effect, may signifi-
cantly increase their chances to successfully achieve clinical
approval. Furthermore, despite the absence of reliable small
animal models that recapitulate the complexity of CF nature
[192,193], scientific community was able to establish alterna-
tive models with patient-derived specimens as a key compo-
nent of many approaches. Indeed, these specimens provide
a translational perspective not only to perform a comparative
assessment of drug efficacies and select which may provide
better therapeutic responses for each individual (as more
drugs are expected to become available), but also to extend
the approval of existing (and novel) modulator drugs to



a larger CF population by including rare CF genotypes that are
responsive.

Individuals with CF carrying mutations that are unresponsive to
currently available modulators may benefit yet from mutation-
specific modulator development. A multitude of novel approaches
have been developed to circumvent barriers and accelerate the
discovery of novel modulator drugs. The incorporation of exten-
sive pre-clinical development approaches as discussed in section
3, could increase the speed and cost-effectiveness of modulator
development and may follow an approach as outlined in Figure 4
in order to enhance the success rate during clinical development.
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Despite all the aforementioned drugs under develop-
ment, it is likely that a small percentage of patients (but
still significant number) may not benefit from any CFTR
modulator because of unresponsive CF genotypes or
adverse effects. For this CF population, there are still pro-
mising pharmacological strategies that work independently
of the CFTR mutation type by targeting alternative ion
channels. These include inhibitors of the epithelial sodium
channel (ENaC), which is upregulated in CF, and activators
of non-CFTR alternative chloride channels to compensate
for the lack of CFTR activity [199-201].

In silico screening of chemical
libraries by moleculardocking
(Section 3.2.)

v

HTS of compound effect on
CFTR PM density or function in
primary cells or organoids
(Section2.1. and 3.3.)

Y

Medicinal chemistry based
on binding site knowledge to
increase potency, efficacy
and ADME properties

Identification of the modulator
binding sites by Cryo-EM
(Section 3.2.)

A

Y

Effect of compoundsin
physiologicalassays: ASL
height and pH, mucus rheology
and ciliary beat frequency, lipid
composition (Section 3.4.)

“Clinicaltrial” in a cell

model: Co-culture models
with innate immune cells
and/or bacteria to test
modulator efficacy in a CF
lung-like environment
(Section 3.5.)

Modulator efficacy in
multiple CF relevant cell or
tissue types derived from

differentiated iPSCs

(Section 3.3.)

Y

Increased success rate
during clinical
development

Figure 4. Flow-chart of an optimized pre-clinical CFTR modulator discovery process.

=

Pre-selection of patients
for clinical trials by
measuring their
personalized response to
modulatorsin cell or
organoid models (Section
3.3.)
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One can envision a day when newborns diagnosed with
CF will be assigned to highly effective therapies soon after
selecting the best therapeutic option by predicting the
effectiveness in their own specimens. Such approach may
provide a real transformation in the healthcare paradigm
and the disease face as these individuals would be able to
live much healthier and longer lives and symptomatic
therapies would be included later on a patient basis if
necessary.

Funding

This manuscript was not funded.

Declaration of interest

The authors have no relevant affiliations or financial involvement with any
organization or entity with a financial interest in or financial conflict with
the subject matter or materials discussed in the manuscript. This includes
employment, consultancies, honoraria, stock ownership or options, expert
testimony, grants or patents received or pending, or royalties.

Reviewer Disclosures

Peer reviewers on this manuscript have no relevant financial or other
relationships to disclose.

ORCID

Miquéias Lopes-Pacheco (%) http://orcid.org/0000-0002-7444-9359

References

Papers of special note have been highlighted as either of interest (-) or of
considerable interest (ss) to readers.

1. Cutting GR. Cystic fibrosis genetics: from molecular understanding
to clinical application. Nat Rev Genet. 2015 Jan;16(1):45-56.

2. Guggino WB, Stanton BA. New insights into cystic fibrosis: mole-
cular switches that regulate CFTR. Nat Rev Mol Cell Biol. 2006 Jun;7
(6):426-436.

3. Lopes-Pacheco M. CFTR modulators: the changing face of cystic
fibrosis in the era of precision medicine. Front Pharmacol. 2020

Feb;21(10):1662.
4. Castellani C, Duff AA, Bell SC, et al. ECFS best practice guidelines:

the version 2018 revision. J Cyst Fibros. 2018 Mar;17(2):153-178.
5. Bell SC, Mall MA, Gutierrez H, et al. The future of cystic fibrosis care:
a global perspective. Lancet Respir Med. 2020 Jan;8(1):65-124.
6. Liu F, Zhang Z, Csanady L, et al. Molecular structure of the human
CFTR ion channel. Cell. 2017 Mar 23;169(1):85-95. e8.
Molecular structure of human CFTR in the dephosphorylated,
ATP-free form.
7. Zhang Z, Liu F, Chen J. Molecular structure of the ATP-bound-
phosphorylated human CFTR. Proc Natl Acad Sci U S A. 2018 Dec

11;115(50):12757-12762.
8. Kim SJ, Skach WR. Mechanisms of CFTR folding at the endoplasmic

reticulum. Front Pharmacol. 2012 Dec;13(3):201.

9. Veit G, Avramescu RG, Chiang AN, et al. From CFTR biology toward
combinatorial pharmacotherapy: expanded classification of cystic
fibrosis mutations. Mol Biol Cell. 2016 Feb 1;27(3):424-433.

10. Lopes-Pacheco M. CFTR modulators: Shedding light on precision
medicine for cystic fibrosis. Front Pharmacol. 2016 Sep;7:275.

11. Cheng SH, Gregory RJ, Marshall J, et al. Defective intracellular
transport and processing of CFTR is the molecular basis of most
cystic fibrosis. Cell. 1990 Nov 16;63(4):827-834.

20.

21.

22.

23.

24.

25.

26.

27

28.

. Dalemans W, Barbry P, Champigny G, et al. Altered chloride ion

channel kinetics associated with the delta F508 cystic fibrosis
mutation. Nature. 1991 Dec 19-26;354(6354):526-528.

. Okiyoneda T, Barrieve H, Bagdédny M, et al. Peripheral protein

quality control removes unfolded CFTR from the plasma
membrane. Science. 2010 Aug 13;329(5993):805-810.

. Dukovski D, Villella A, Bastos C, et al. Amplifiers co-translationally

enhance CFTR biosynthesis bia PCBP1-mediated regulation of CFTR
mRNA. J Cystic Fibros. 2020 Sep;19(5):733-741.
This study shed light on the MoA of the first-in-class amplifier.

. Bardin P, Sonneville F, Corvol G, et al. Emerging microRNA ther-

apeutic approaches for fibrosis. Front Pharmacol.

2018;9:1113.

cystic

. Ramsey BW, Davies J, McElvaney NG, et al. A CFTR potentiator in

patients with cystic fibrosis and the G551D mutation. N Eng J Med.
2011 Nov 3;365(18):1663-1672.

First phase lll clinical trial demonstrating the safety and effi-
cacy of ivacaftor in CF patients carrying the G551D in at least
one allele.

. Wainwright CE, Elborn JS, Ramsey BW, et al. Lumacaftor-lvacaftor in

patients with cystic fibrosis homozygous for phe508del CFTR.
N Eng J Med. 2015 Jul 16;373(3):220-231.

. Taylor-Cousar JL, Munck A, McKone EF, et al. Tezacaftor-Ivacaftor in

patients with cystic fibrosis homozygous for Phe508del. N Eng
J Med. 2017 Nov 23;377(21):2013-2023.

. Rowe SM, Daines C, Ringshausen FC, et al. Tezacaftor-lvacaftor in

residual-function heterozygotes with cystic fibrosis. N Engl J Med.
2017 Nov 23;377(21):2024-2035.

Heijerman HGM, McKone EF, Downey DG, et al. Efficacy and safety
of the elexacaftor plus tezacaftor plus ivacaftor combination regi-
men in people with cystic fibrosis homozygous for the F508del
mutation: a double-blind, randomised, phase 3 trial. Lancet. 2019
Nov 23;394(10212):1940-1948.

First phase lll clinical trial demonstrating that elexacaftor/teza-
caftor/ivacaftor provides greater clinical benefits compared to
tezacaftor/ivacaftor in CF patients who are homozygous for
the F508del mutation.

Middleton PG, Mall MA, Drevinek P, et al. Elexacaftor-Texacaftor-
Ivacaftor for cystic fibrosis with a single phe508del allele. N Eng
J Med. 2019 Nov 7;381(19):1809-1819.

First phase lll clinical trial demonstrating that elexacaftor/teza-
caftor/ivacaftor provides clinical benefits in CF patients carry-
ing the F508del mutation in only one allele.

McKone EF, Borowitz D, Drevinek P, et al. Long-term safety and
efficacy of ivacaftor in patients with cystic fibrosis who have
the Gly551Asp-CFTR mutation: a phase 3, open-label extension
study (PERSIST). Lancet Respir Med. 2014 Nov;2(11):902-910.
Konstan MW, McKone EF, Moss RB, et al. assessment of safety and
efficacy of long-term treatment with combination lumacaftor and
ivacaftor therapy in patients with cystic fibrosis homozygous for
the F508del-CFTR mutation (PROGRESS): a phase 3, extension
study. Lancet Respir Med. 2017 Feb;5(2):107-118.

Avramescu RG, Kai Y, Xu H, et al. Mutation-specific downregulation
of CFTR2 variants by gating potentiators. Hum Mol Genet. 2017
Desember 15;26(24):4873-4885.

Veit G, Da Fonte DF, Avramescu RG, et al. Mutation-specific dual
potentiators maximize rescue of CFTR gating mutants. J Cyst
Fibros. 2020 Mar;19(2):236-244.

Veit G, Roldan A, Hancock MA, et al. Allosteric folding correction
of F508del and rare CFTR mutants by elexacaftor-tezacaftor-
ivacaftor (Trikafta) combination. JCI Insight. 2020 Sep 17;5(18):
e€139983.

This study demonstrates the ability of elexacaftor/tezacaftor/
ivacaftor in rescuing rare misfolding mutants of CFTR.

. Yu H, Burton B, Huang C-J, et al. lvacaftor potentiation of multiple

CFTR channels with gating mutations. J Cystic Fibros. 2012 May;11
(3):237-245.

Van Goor F, Yu H, Burton B, et al. Effect of ivacaftor on CFTR forms
with missense mutations associated with defects in protein proces-
sing or function. J Cyst Fibros. 2014 Jan;13(1):29-36.



29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Han ST, Rab A, Pellicore MJ, et al. Residual function of cystic fibrosis
mutants predicts response to small molecule CFTR modulators. JCI
Insight. 2018 Jul;3(14):e121159.

Lopes-Pacheco M, Boinot C, Sabirzhanova |, et al. Combination of
correctors rescues CFTR transmembrane-domain mutants by miti-
gating their interactions with proteostasis. Cell Physiol Biochem.
2017;41(6):2194-2210.

Lopes-Pacheco M, Sabirzhanova |, Rapino D, et al. Correctors rescue
CFTR mutations in nucleotide-binding domains 1 (NBD1) by mod-
ulating proteostasis. Chembiochem. 2016 Mar;17(6):493-505.

Rapino D, Sabirzhanova |, Lopes-Pacheco M, et al. Rescue of
NBD2 mutants N1303K and S1235R of CFTR by small-molecule
correctors and transcomplementation. PLoS One. 2015 Mar;10
(3):e0119796.

Mou H, Vinarsky V, Tata PR, et al. Dual SMAD signaling inhibition
enables long-term expansion of diverse epithelial basal cells. Cell
Stem Cell. 2016 Aug 4;19(2):217-231.

Gianotti A, Delpiano L, Caci E. In vitro methods for the develop-
ment and analysis of Human Primary Airway Epithelia. Front
Pharmacol. 2018 Oct;26(9):1176.

Dekkers JF, Wiegerinck CL, De Jonge HR, et al. A functional CFTR
assay using primary cystic fibrosis intestinal organoids. Nat Med.
2013 Jul;19(7):939-945.

First report of a CFTR function assay in patient-derived intest-
inal organoids.

Dekkers JF, Berkers G, Kruisselbrink E, et al. Characterizing
responses to CFTR-modulating drugs using rectal organoids
derived from subjects with cystic fibrosis. Sci Transl Med. 2016
Jun 22;8(344):344ra84.

Sachs N, Papaspyropoulos A, Zomer-van Ommen DD, et al. Long-
term expanding human airway organoids for disease modeling.
Embo J. 2019 Feb 15;38(4):e100300.

Verkman AS, Lukacs GL, Galietta LJV. CFTR chloride channel drug
discovery—inhibitors as antidiarrheals and activators for therapy of
cystic fibrosis. Curr Pharm Des. 2006;12(18):2235-2247.

Verkman AS, Galietta LJV. Chloride channels as drug targets. Nat
Rev Drug Discov. 2009 Feb;8(2):153-171.

Van Goor D, Hadida S, Grootenhuis PDJ, et al. Rescue of CF airway
epithelial function in vitro by a CFTR potentiator, VX-770. Proc Natl
Acad Sci U S A. 2009 Nov 3;106(44):18825-18830.

Pedemonte N, Lukacs GL, Du K, et al. Small-molecule correctors of
defective DeltaF508-CFTR cellular processing identified by
high-throughput screening. J Clin Invest. 2005 Sep;115
(9):2564-2571.

The first report of F508del-CFTR correctors discovered by HTS.
Sheppard DN, Carson MR, Ostedgaard LS, et al. Expression of cystic
fibrosis transmembrane conductance regulator in a model
epithelium. Am J Physiol. 1994 Apr;266(4 Pt 1):L405-L413.

Galietta LJ, Springsteel MF, Eda M, et al. Novel CFTR chloride
channel activators identified by screening of combinatorial libraries
based on flavone and benzoquinolizinium lead compounds. J Biol
Chem. 2001 Jun 8;276(23):19723-19728.

Caputo A, Hinzpeter A, Caci E, et al. Mutation-specific potency and
efficacy of cystic fibrosis transmembrane conductance regulator
chloride channel potentiators. J Pharmacol Exp Ther. 2009
Sep;330(3):783-791.

Van Goor F, Straley KS, Cao D, et al. Rescue of DeltaF508-CFTR
trafficking and gating in human cystic fibrosis airway primary
cultures by small molecules. Am J Physiol Lung Cell Mol Physiol.
2006 Jun;290(6):L1117-L1130.

Van Goor F, Hadida S, Grootenhuis PDJ, et al. Correction of the
F508del-CFTR protein processing defect in vitro by the investiga-
tion drug VX-809. Proc Natl Acad Sci U S A. 2011 Nov 15;108
(46):18843-18848.

Robert R, Carlile GW, Pavel C, et al. Structural analog of sildenafil
identified as a novel corrector of the F508del-CFTR trafficking
defect. Mol Pharmacol. 2008 Feb;73(2):478-489.

Carlile GW, Robert R, Zhang D, et al. Correctors of protein traffick-
ing defects identified by a novel high-throughput screening assay.
Chembiochem. 2007 Jun 18;8(9):1012-1020.

49.

50.

51.

52.

53

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

EXPERT OPINION ON DRUG DISCOVERY 909

Sampson HM, Robert R, Liao J, et al. Identification of a
NBD1-binding pharmacological chaperone that corrects the traf-
ficking defect of F508del-CFTR. Chem Biol. 2011 Feb 25;18
(2):231-242.

Prins S, Langron E, Hastings C, et al. Fluorescence assay for simul-
taneous quantification of CFTR ion-channel function and plasma
membrane proximity. J Biol Chem. 2020 Sep;295(49):16529-16544.
A novel image-based fluorescence assay that enables to simul-
taneously monitor CFTR PM density and function.

Pedemonte N, Tomati V, Sondo E, et al. Influence of cell back-
ground on pharmacological rescue of mutant CFTR. Am J Physiol
Cell Physiol. 2010 Apr;298(4):C866-C874.

This study highlights the importance of cell background in
modulator development.

Ahmadi S, Bozoky Z, Di Paola M, et al. Phenotypic profiling of CFTR
modulators in patient-derived respiratory epithelia. NPJ Genom
Med. 2017 Apr;2(1):12.

. Cozens AL, Yezzi MJ, Kunzelmann K, et al. CFTR expression and

chloride secretion in polarized immortal human bronchial epithelial
cells. Am J Respir Cell Mol Biol. 1994 Jan;10(1):38-47.

Gottschalk LB, Vecchio-Pagan B, Sharma N, et al. Creation and
characterization of an airway epithelial cell line for stable
expression of CFTR variants. J Cyst Fibros. 2006 May;15
(3):285-294.

Veit G, Xu H, Dreano E, et al. Structure-guided combination to
potentially improve the function of mutant CFTRs. Nat Med. 2018
Nov;24(11):1732-1742.

This study introduces the concept of allosteric corrector com-
binations for CFTR folding mutants.

Donaldson SH, Pilewski JM, Griese M, et al. Tezacaftor/Ivacaftor in
subjects with cystic fibrosis and F508del/F508del-CFTR or F508del/
G551D-CFTR. Am J Respir Crit Care Med. 2018 Jan 15;197
(2):214-224.

Ai T, Bompadre SG, Wang X, et al. Copsaicin potentiates wild-type
and mutant cystic fibrosis transmembrane conductance regulator
chloride-channel currents. Mol Pharmacol. 2004 Jun;65
(6):1415-1426.

Moran O, Zegarra-Moran O. A quantitative description of the acti-
vation and inhibition of CFTR by potentiators: Genistein. FEBS Lett.
2005 Jul 18;579(18):3979-3983.

Cai Z, Taddei A, Sheppard DN. Differential sensitivity of the cystic
fibrosis (CF)-associated mutants G551D and G1349D to potentia-
tors of the cystic fibrosis transmembrane conductance regulator
(CFTR) CI- channel. J Biol Chem. 2006 Jan 27;281(4):1970-1977.
Liu F, Zhang Z, Levit A, et al. Structural identification of a hotspot
on CFTR for potentiation. Science. 2019 Jun 21;364
(6446):1184-1188.

First structure of a modulator bound to full-length CFTR.

Yeh H-l, Qui L, Sohma Y, et al. Identifying the molecular target site
for CFTR potentiators GLPG1837 and VX-770. J Gen Physiol. 2019
Jul 1;151(7):912-928.

Li H, Pesce E, Sheppard DN, et al. Therapeutic approaches to CFTR
dysfunction: From discovery to drug development. J Cyst Fibros.
2018 Mar;17(25(2):514-S21.

Balch WE, Morimoto RI, Dillin A, et al. Adapting proteostasis for
disease intervention. Science. 2008 Feb 15;319(5865):916-919.
Sondo E, Pesce E, Tomati V, et al. RNF5, DAB2 and friends: novel
drug targets for cystic fibrosis. Curr Pharm Des. 2017;23(1):176-186.
Okiyoneda T, Veit G, Dekkers JF, et al. Mechanism-based corrector
combination restores AF508del-CFTR folding and function. Nat
Chem Biol. 2013 Jul;9(7):444-454.

Mendoza JL, Schmidt A, Li Q, et al. Requirements for efficient
correction of AF508del CFTR revealed by analyses of evolved
sequences. Cell. 2012 Jan 20;148(1-2):164-174.

Rabeh WM, Bossard F, Xu H, et al. Correction of both NBD1 ener-
getics and domain interface is required to restore AF508 CFTR
folding and function. Cell. 2012 Jan 20;148(1-2):150-163.
Lopes-Pacheco M, Silva IAL, Turner MJ, et al. Characterization of the
mechanism of action of RDR01752, a novel corrector of
F508del-CFTR. Biochem Pharmacol. 2020 Oct;180:114133.



910 M. LOPES-PACHECO ET AL.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Laselva O, Bartlett C, Gunawardena TNA, et al. Rescue of multiple class Il
CFTR mutations by elexacaftor+tezacaftor+ivacaftor mediated in part
by the dual activities of elexacaftor as both corrector and potentiator.
Eur Respir J. 2020;2002774. 10.1183/13993003.02774-2020.

Veit G, Vaccarin C, Lukacs GL. Elexacaftor co-potentiates the activity
of F508del and gating mutants of CFTR.. J Cyst Fibros. 2021.
DOI:10.1016/j.jcf.2021.03.011.

Tomati V, Caci E, Ferrera L, et al. Thymosin alpha-1 does not correct
F508del-CFTR in cystic fibrosis airway epithelia. JCI Insight. 2018
Feb 8;3(3):e98699.

Armirotti A, Tomati V, Matthes E, et al. Bioactive thymosin Alpha-1
Does Not Influence F508del-CFTR Maturation and Activity. Sci Rep.
2019 Jul 16;9(1):10310.

Skilton M, Krishan A, Patel S, et al. Potentiators (specific therapies
for class Il and IV mutations) for cystic fibrosis. Cochrane Database
Syst Rev. 2019 Jan;7(1):CD009841.

Durmowicz AG, Lim R, Rogers H, et al. The U.S. food and drug
administration’s experience with ivacaftor in cystic fibrosis. estab-
lishing efficacy using in vitro date in Lieu of a Clinical Trial. Ann Am
Thorac Soc. 2018 Jan;15(1):1-2.

Vertex Pharmaceuticals Inc. Highlights of prescribing information: kaly-
deco® (ivacaftor) — Revised: desember/2020. Available online at:
https://pi.vrtx.com/files/uspi_ivacaftor.pdf (accessed 2021 Mar 16).

De Boeck K, Munck A, Walkers S, et al. Efficacy and safety of
ivacaftor in patients with cystic fibrosis and a non-G551D gating
mutation. J Cyst Fibros. 2014 Dec;13(6):674-680.

Guimbellot J, Solomon GM, Baines A, et al. Effectiveness of ivacaf-
tor in cystic fibrosis patients with non-G551D gating mutations.
J Cyst Fibros. 2019 Jan;18(1):102-109.

Rowe SM, Pyle LC, Jurkevante A, et al. DeltaF508 CFTR processing
correction and activity in polarized airway and non-airway cell
monolayers. Pulm Pharmacol Ther. 2010 Aug;23(4):268-278.
Vertex Pharmaceuticals Inc. Highlights of prescribing information:
symdeko® (tezacaftor/ivacaftor) - Revised: desember/2020.
Available online at: https://pi.vrtx.com/files/uspi_tezacaftor_ivacaf
tor.pdf (accessed 2021 Mar 16).

Vertex Pharmaceuticals Inc. Highlights of prescribing information:
trikafta® (elexacaftor/tezacaftor/ivacaftor) - Revised: desember/
2020. Available online at: https://pi.vrtx.com/files/uspi_elexacaf
tor_tezacaftor_ivacaftor.pdf (accessed 2021 Mar 16).

Sosnay PR, Siklosi KR, Van Goor F, et al. Defining the disease liability
of variants in the cystic fibrosis transmembrane conductance reg-
ulator gene. Nat Genet. 2013;45(10):1160-1167.

Du K, Lukacs GL. Cooperative assembly and misfolding of CFTR
domains in vivo. Mol Biol Cell. 2009 Apr;20(7):1903-1915.

Lin WY, Sohma Y, Hwang TC. synergistic potentiation of cystic
fibrosis transmembrane conductance regulator gating by two che-
mically distinct potentiators, Ivacaftor (VX-770) and 5-Nitro-
2-(3-Phenylpropylamino) Benzoate. Mol Pharmacol. 2016 Sep;90
(3):275-285.

Phuan PW, Son JH, Tan JA, et al. Combination potentiator (‘co-
potentiator’) therapy for CF caused by CFTR mutants, including
N1303K, that are poorly responsive to single potentiators. J Cyst
Fibros. 2018 Sep;17(5):595-606.

Cho DY, Zhang S, Lazrak A, et al. Resveratrol and ivacaftor are
additive G551D CFTR-channel potentiators: therapeutic implica-
tions for cystic fibrosis sinus disease. Int Forum Allergy Rhinol.
2019 Jan;9(1):100-105.

Dekkers JF, Van Mourik P, Vonk AM, et al. Potentiator synergy in
rectal organoids carrying S1251N, G551D, or F508del CFTR
mutations. J Cyst Fibros. 2016 Sep;15(5):568-578.

Phuan PW, Tan JA, Rivera AA, et al. Nanomolar-potency ‘co-
potentiator’ therapy for cystic fibrosis caused by a defined subset
of minimal function CFTR mutants. Sci Rep. 2019 Nov 27;9(1):17640.
Lewis HA, Buchanan SG, Burley SK, et al. Structure of
nucleotide-binding domain 1 of the cystic fibrosis transmembrane
conductance regulator. Embo J. 2004 Jan 28;23(2):282-293.

Lewis HA, Zhao X, Wang C, et al. Impact of the deltaF508 mutation
in first nucleotide-binding domain of human cystic fibrosis

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102

103.

104.

105.

106.

107.

transmembrane conductance regulator on domain folding and
structure. J Biol Chem. 2005 Jan 14;280(2):1346-1353.

Huang SY, Bolser D, Liu HY, et al. Molecular modeling of the
heterodimer of human CFTR’s nucleotide-binding domains using
a protein-protein docking approach. J Mol Graph Model. 2009
Apr;27(7):822-828.

Moran O, Galietta LJ, Zegarra-Moran O. Binding site of activators of
the cystic fibrosis transmembrane conductance regulator in the
nucleotide binding domains. Cell Mol Life Sci. 2005 Feb;62
(4):446-460.

Serohijos AW, Hegedus T, Aleksandrov AA, et al. Phenylalanine-508
mediates a cytoplasmic-membrane domain contact in the CFTR 3D
structure crucial to assembly and channel function. Proc Natl Acad
Sci U S A. 2008 Mar 4;105(9):3256-3261.

Dalton J, Kalid O, Schushan M, et al. New model of cystic fibrosis
transmembrane  conductance  regulator  proposes  active
channel-like conformation. J Chem Inf Model. 2012 Jul 23;52
(7):1842-1853.

Corradi V, Vergani P, Tieleman DP. Cystic Fibrosis Transmembrane
Conductance Regulator (CFTR): CLOSED AND OPEN STATE
CHANNEL MODELS. J Biol Chem. 2015 Sep 18;290(38):22891-22906.
Mornon JP, Lehn P, Callebaut I. Molecular models of the open and
closed states of the whole human CFTR protein. Cell Mol Life Sci.
2009 Nov;66(21):3469-3486.

He L, Kota P, Aleksandrov AA, et al. Correctors of DeltaF508
CFTR restore global conformational maturation without ther-
mally stabilizing the mutant protein. Faseb J. 2013 Feb;27
(2):536-545.

Farinha CM, King-Underwood J, Sousa M, et al. Revertants, low
temperature, and correctors reveal the mechanism of
F508del-CFTR rescue by VX-809 and suggest multiple agents
for full correction. Chem Biol. 2013 Jul 25;20(7): 943-955.

Kalid O, Mense M, Fischman S, et al. Small molecule correctors of
F508del-CFTR discovered by structure-based virtual screening.
J Comput Aided Mol Des. 2010 Dec;24(12):971-991.

Odolczyk N, Fritsch J, Norez C, et al. Discovery of novel potent
DeltaF508-CFTR correctors that target the nucleotide binding
domain. EMBO Mol Med. 2013 Oct;5(10):1484-1501.

Parodi A, Righetti G, Pesce E, et al. Discovery of novel VX-809
hybrid derivatives as F508del-CFTR correctors by molecular model-
ing, chemical synthesis and biological assays. Eur J Med Chem.
2020 Sep 12;208:112833.

Liessi N, Cichero E, Pesce E, et al. Synthesis and biological evalua-
tion of novel thiazole- VX-809 hybrid derivatives as F508del correc-
tors by QSAR-based filtering tools. Eur J Med Chem. 2018 Jan
20;144:179-200.

. Molinski SV, Shahani VM, Subramanian AS, et al. Comprehensive

mapping of cystic fibrosis mutations to CFTR protein identifies
mutation clusters and molecular docking predicts corrector bind-
ing site. Proteins. 2018 Aug;86(8):833-843.

Ren HY, Grove DE, De La Rosa O, et al. VX-809 corrects folding
defects in cystic fibrosis transmembrane conductance regulator
protein through action on membrane-spanning domain 1. Mol
Biol Cell. 2013 Oct;24(19):3016-3024.

Berg A, Halowell S, Tibbetts M, et al. High-throughput surface liquid
absorption and secretion assays to identify F508del CFTR correctors
using patient primary airway epithelial cultures. SLAS Discov.
2019;24(7):724-737.

Liu X, Krawczyk E, Suprynowicz FA, et al. Conditional repro-
gramming and long-term expansion of normal and tumor cells
from human biospecimens. Nat Protoc. 2017 Feb;12(2):439-451.
Liu X, Ory V, Chapman S, et al. ROCK inhibitor and feeder cells
induce the conditional reprogramming of epithelial cells. Am
J Pathol. 2012 Feb;180(2):599-607.

The first report of conditional reprogramming of primary air-
way epithelial cells.

Wu X, Wang S, Li M, et al. Conditional reprogramming: next gen-
eration cell culture. Acta Pharm Sin B. 2020 Aug;10(8):1360-1381.


https://doi.org/10.1183/13993003.02774-2020
https://doi.org/10.1016/j.jcf.2021.03.011
https://pi.vrtx.com/files/uspi_ivacaftor.pdf
https://pi.vrtx.com/files/uspi_tezacaftor_ivacaftor.pdf
https://pi.vrtx.com/files/uspi_tezacaftor_ivacaftor.pdf
https://pi.vrtx.com/files/uspi_elexacaftor_tezacaftor_ivacaftor.pdf
https://pi.vrtx.com/files/uspi_elexacaftor_tezacaftor_ivacaftor.pdf

108.

109.

110.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

Muller L, Brighton LE, Carson JL, et al. Culturing of human nasal
epithelial cells at the air liquid interface. J Vis Exp. 2013 Oct;08(80):
e50646.

Valley HC, Bukis KM, Bell A, et al. Isogenic cell models of cystic
fibrosis-causing variants in natively expressing pulmonary epithe-
lial cells. J Cyst Fibros. 2019 Jul;18(4):476-483.

Park JK, Shrivastava A, Zhang C, et al. Functional profiling of
cftr-directed therapeutics using pediatric patient-derived nasal
epithelial cell models. Front Pediatr. 2020;8:536.

. Laselva O, Bartlett C, Popa A, et al. Emerging preclinical modula-

tors developed for F508del-CFTR have the potential to be effec-
tive for ORKAMBI resistant processing mutants. J Cyst Fibros.
2021;20(1):106-119.

McCravy MS, Quinney NL, Cholon DM, et al. Personalised medicine
for non-classic cystic fibrosis resulting from rare CFTR mutations.
Eur Respir J. 2020 Jul;56(1):1.

Pranke |, Hatton A, Masson A, et al. Might brushed nasal cells be
a surrogate for CFTR modulator clinical response? Am J Respir Crit
Care Med. 2019 Jan 1;199(1):123-126.

Pranke IM, Hatton A, Simonin J, et al. Correction of CFTR function in
nasal epithelial cells from cystic fibrosis patients predicts improve-
ment of respiratory function by CFTR modulators. Sci Rep. 2017
Aug 7;7(1):7375.

This study suggests that functional measurements in human
nasal epithelia can predict the clinical responsiveness of CF
patients to modulators.

Guimbellot JS, Leach JM, Chaudhry IG, et al. Nasospheroids permit
measurements of CFTR-dependent fluid transport. JCI Insight. 2017
Nov 16;2(22):22.

Liu Z, Anderson JD, Deng L, et al. Human Nasal Epithelial Organoids
for Therapeutic Development in Cystic Fibrosis. Genes (Basel). 2020
May 29;11(6):6.

Brewington JJ, Filbrandt ET, LaRosa FJ 3rd, et al. Detection of CFTR
function and modulation in primary human nasal cell spheroids.
J Cyst Fibros. 2018 Jan;17(1):26-33.

Sato T, Vries RG, Snippert HJ, et al. Single Lgr5 stem cells build
crypt-villus structures in vitro without a mesenchymal niche.
Nature. 2009 May 14;459(7244):262-265.

Sato T, Stange DE, Ferrante M, et al. Long-term expansion of
epithelial organoids from human colon, adenoma, adenocarci-
noma, and Barrett’s epithelium. Gastroenterology. 2011 Nov;141
(5):1762-1772.

Berkers G, Van Mourik P, Vonk AM, et al. Rectal Organoids Enable
Personalized Treatment of Cystic Fibrosis. Cell Rep. 2019 Feb 12;26
(7):1701-1708. e3.

This study suggests that forskolin-induced swelling assay of
intestinal organoids can predict clinical responsiveness of CF
patients to modulators.

De Winter-de Groot KM, Berkers G, Marck-van Der Wilt REP, et al.
Forskolin-induced swelling of intestinal organoids correlates with
disease severity in adults with cystic fibrosis and homozygous
F508del mutations. J Cyst Fibros. 2020 Jul;19(4):614-619.

Simsek S, Zhou T, Robinson CL, et al. Modeling cystic fibrosis using
pluripotent stem cell-derived human pancreatic ductal epithelial
cells. Stem Cells Transl Med. 2016 5; May(5): 572-579.

Sampaziotis F, De Brito MC, Madrigal P, et al. Cholangiocytes
derived from human induced pluripotent stem cells for disease
modeling and drug validation. Nat Biotechnol. 2015 Aug;33
(8):845-852.

Ogawa M, Ogawa S, Bear CE, et al. Directed differentiation of
cholangiocytes from human pluripotent stem cells. Nat
Biotechnol. 2015 Aug;33(8):853-861.

Mithal A, Capilla A, Heinze D, et al. Generation of mesenchyme free
intestinal organoids from human induced pluripotent stem cells.
Nat Commun. 2020 Jan 10;11(1):215.

Litvack ML, Wigle TJ, Lee J, et al. Alveolar-like Stem Cell-derived
Myb(-) Macrophages Promote Recovery and Survival in Airway
Disease. Am J Respir Crit Care Med. 2016 Jun 1;193(11):1219-1229.
Ackermann M, Kempf H, Hetzel M, et al. Bioreactor-based mass
production of human iPSC-derived macrophages enables

128.

129.

130.

131.

132

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

EXPERT OPINION ON DRUG DISCOVERY 911

immunotherapies against bacterial infections.  Nat
Commun. 2018 Nov 30;9(1):5088.

Wong AP, Bear CE, Chin S, et al. Directed differentiation of human
pluripotent stem cells into mature airway epithelia expressing
functional CFTR protein. Nat Biotechnol. 2012 Sep;30(9):876-882.
Firth AL, Dargitz CT, Qualls SJ, et al. Generation of multiciliated cells
in functional airway epithelia from human induced pluripotent
stem cells. Proc Natl Acad Sci U S A. 2014 Apr 29;111(17):E1723-30.
Dye BR, Hill DR, Ferguson MA, et al. In vitro generation of human
pluripotent stem cell derived lung organoids. Elife. 2015 Mar 24;4.
10.7554/eLife.05098

Hawkins FJ, Suzuki S, Beermann ML, et al. Derivation of airway
basal stem cells from human pluripotent stem cells. Cell Stem
Cell. 2020 Oct 19;28(1):79-95.e8.

This study reports the generation of homogeneous popula-
tions of airway basal cells from iPSCs.

airway

. Merkert S, Schubert M, Olmer R, et al. High-throughput screening

for modulators of cftr activity based on genetically engineered
cystic fibrosis disease-specific iPSCs. Stem Cell Reports. 2019 Jun
11;12(6):1389-1403.

Berical A, Lee RE, Randell SH, et al. challenges facing airway epithe-
lial cell-based therapy for cystic fibrosis. Front Pharmacol.
2019;10:74.

Conese M, Beccia E, Castellani S, et al. The long and winding road:
stem cells for cystic fibrosis. Expert Opin Biol Ther. 2018 Mar;18
(3):281-292.

Kim MD, Baumlin N, Yoshida M, et al. Losartan Rescues
Inflammation-related Mucociliary Dysfunction in Relevant Models
of Cystic Fibrosis. Am J Respir Crit Care Med. 2020 Feb 1;201
(3):313-324.

Rayner RE, Wellmerling J, Osman W, et al. In vitro 3D culture lung
model from expanded primary cystic fibrosis human airway cells.
J Cyst Fibros. 2020 Sep;19(5):752-761.

Boucher RC. An overview of the pathogenesis of cystic fibrosis lung
disease. Adv Drug Deliv Rev. 2002 Dec 5;54(11):1359-1371.
Simonin J, Bille E, Crambert G, et al. Airway surface liquid acidifica-
tion initiates host defense abnormalities in Cystic Fibrosis. Sci Rep.
2019 Apr 24;9(1):6516.

Coakley RD, Grubb BR, Paradiso AM, et al. Abnormal surface liquid
pH regulation by cultured cystic fibrosis bronchial epithelium. Proc
Natl Acad Sci U S A. 2003 Dec 23;100(26):16083-16088.

Freedman SD, Blanco PG, Zaman MM, et al. Association of cystic
fibrosis with abnormalities in fatty acid metabolism. N Engl J Med.
2004 Feb 5;350(6):560-5609.

Garic D, De Sanctis JB, Wojewodka G, et al. Fenretinide differentially
modulates the levels of long- and very long-chain ceramides by
downregulating Cers5 enzyme: evidence from bench to bedside.
J Mol Med (Berl). 2017 Oct;95(10):1053-1064.

Ernst WL, Shome K, Wu CC, et al. VAMP-associated Proteins (VAP) as
receptors that couple Cystic Fibrosis Transmembrane Conductance
Regulator (CFTR) proteostasis with lipid homeostasis. J Biol Chem.
2016 Mar 4;291(10):5206-5220.

Gianotti A, Capurro V, Scudieri P, et al. Pharmacological rescue
of mutant CFTR protein improves the viscoelastic properties of
CF mucus. J Cyst Fibros. 2016 May;15(3):295-301.

Chioccioli M, Feriani L, Kotar J, et al. Phenotyping ciliary dynamics
and coordination in response to CFTR-modulators in Cystic
Fibrosis respiratory epithelial cells. Nat Commun. 2019 Apr 16;10
(1):1763.

Choi HC, Kim CS, Tarran R. Automated acquisition and analysis of
airway surface liquid height by confocal microscopy. Am J Physiol
Lung Cell Mol Physiol. 2015 Jul 15;309(2):L109-18.

Song Y, Namkung W, Nielson DW, et al. Airway surface liquid depth
measured in ex vivo fragments of pig and human trachea: depen-
dence on Na+ and Cl- channel function. Am J Physiol Lung Cell Mol
Physiol. 2009 Dec;297(6):L1131-40.

Thiagarajah JR, Song Y, Derichs N, et al. Airway surface liquid depth
imaged by surface laser reflectance microscopy. J Gen Physiol.
2010 Sep;136(3):353-362.


https://doi.org/10.7554/eLife.05098
https://doi.org/10.7554/eLife.05098

912 (& M. LOPES-PACHECO ET AL.

148

149.

150.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

. Pedemonte N, Bertozzi F, Caci E, et al. Discovery of a picomolar
potency pharmacological corrector of the mutant CFTR chloride
channel. Sci Adv. 2020 Feb;6(8):eaay9669.

This study uses a vast array of techniques to study the MoA
and physiological effects of a CFTR corrector with picomolar
potency.

Liessi N, Pesce E, Braccia C, et al. Distinctive lipid signatures of
bronchial epithelial cells associated with cystic fibrosis drugs,
including Trikafta. JCI Insight. 2020 Aug 20;5(16):16.

Garic D, De Sanctis JB, Shah J, et al. Biochemistry of very-long-chain
and long-chain ceramides in cystic fibrosis and other diseases: The
importance of side chain. Prog Lipid Res. 2019 Aug;21:100998.

. Lipuma JJ. The changing microbial epidemiology in cystic fibrosis.
Clin Microbiol Rev. 2010 Apr;23(2):299-323.

Saint-Criq V, Villeret B, Bastaert F, et al. Pseudomonas aeruginosa
LasB protease impairs innate immunity in mice and humans by
targeting a lung epithelial cystic fibrosis transmembrane
regulator-IL-6-antimicrobial-repair pathway. Thorax. 2018 Jan;73
(1):49-61.

Maille E, Ruffin M, Adam D, et al. Quorum sensing down-regulation
counteracts the negative impact of pseudomonas aeruginosa on
CFTR channel expression, function and rescue in human airway
epithelial cells. Front Cell Infect Microbiol. 2017;7:470.

MacEachran DP, Ye S, Bomberger JM, et al. The Pseudomonas
aeruginosa secreted protein PA2934 decreases apical membrane
expression of the cystic fibrosis transmembrane conductance
regulator. Infect Immun. 2007 Aug;75(8):3902-3912.

Bomberger JM, Ye S, Maceachran DP, et al. A Pseudomonas aeru-
ginosa toxin that hijacks the host ubiquitin proteolytic system.
PLoS Pathog. 2011 Mar;7(3):e1001325.

Downey DG, Bell SC, Elborn JS. Neutrophils in cystic fibrosis.
Thorax. 2009 Jan;64(1):81-88.

Laval J, Ralhan A, Hartl D. Neutrophils in cystic fibrosis. Biol Chem.
2016 Feb;397(6):485-96.

Nichols DP, Chmiel JF. Inflammation and its genesis in cystic
fibrosis. Pediatr Pulmonol. 2015 Oct;50(Suppl 40):539-56.

Twigg MS, Brockbank S, Lowry P, et al. The role of serine proteases
and antiproteases in the cystic fibrosis lung. Mediators Inflamm.
2015;2015:293053.

Birrer P, McElvaney NG, Rudeberg A, et al. Protease-antiprotease
imbalance in the lungs of children with cystic fibrosis. Am J Respir
Crit Care Med. 1994 Jul;150(1):207-213.

Devaney JM, Greene CM, Taggart CC, et al. Neutrophil elastase
up-regulates interleukin-8 via toll-like receptor 4. FEBS Lett. 2003
Jun 5;544(1-3):129-132.

Nakamura H, Yoshimura K, McElvaney NG, et al. Neutrophil elastase
in respiratory epithelial lining fluid of individuals with cystic fibrosis
induces interleukin-8 gene expression in a human bronchial
epithelial cell line. J Clin Invest. 1992 May;89(5):1478-1484.

Shao MX, Nadel JA. Neutrophil elastase induces MUC5AC mucin
production in human airway epithelial cells via a cascade involving
protein kinase C, reactive oxygen species, and TNF-alpha-
converting enzyme. J Immunol. 2005 Sep 15;175(6):4009-4016.
Park JA, He F, Martin LD, et al. Human neutrophil elastase induces
hypersecretion of mucin from well-differentiated human bronchial
epithelial cells in vitro via a protein kinase C{delta}-mediated
mechanism. Am J Pathol. 2005 Sep;167(3):651-661.

Weldon S, McNally P, McElvaney NG, et al. Decreased levels of
secretory leucoprotease inhibitor in the Pseudomonas-infected
cystic fibrosis lung are due to neutrophil elastase degradation.
J Immunol. 2009 Dec 15;183(12):8148-8156.

Le Gars M, Descamps D, Roussel D, et al. Neutrophil elastase
degrades cystic fibrosis transmembrane conductance regulator
via calpains and disables channel function in vitro and in vivo.
Am J Respir Crit Care Med. 2013 Jan 15;187(2):170-179.

Sagel SD, Sontag MK, Wagener JS, et al. Induced sputum inflam-
matory measures correlate with lung function in children with
cystic fibrosis. J Pediatr. 2002 Dec;141(6):811-817.

Margaroli C, Garratt LW, Horati H, et al. Elastase exocytosis by
airway neutrophils is associated with early lung damage in children

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

with cystic fibrosis. Am J Respir Crit Care Med. 2019 Apr 1;199
(7):873-881.

Hayes E, Pohl K, McElvaney NG, et al. The cystic fibrosis neutrophil:
a specialized yet potentially defective cell. Arch Immunol Ther Exp
(Warsz). 2011 Apr;59(2):97-112.

Pohl K, Hayes E, Keenan J, et al. A neutrophil intrinsic impairment
affecting Rab27a and degranulation in cystic fibrosis is corrected by
CFTR potentiator therapy. Blood. 2014 Aug 14;124(7):999-1009.
Painter RG, Valentine VG, Lanson NA Jr., et al. CFTR expression in
human neutrophils and the phagolysosomal chlorination defect in
cystic fibrosis. Biochemistry. 2006 Aug 29;45(34):10260-10269.
Painter RG, Marrero L, Lombard GA, et al. CFTR-mediated halide
transport in phagosomes of human neutrophils. J Leukoc Biol. 2010
May;87(5):933-942.

Sun H, Harris WT, Kortyka S, et al. Tgf-beta downregulation of
distinct chloride channels in cystic fibrosis-affected epithelia. PLoS
One. 2014;9(9):e106842.

Snodgrass SM, Cihil KM, Cornuet PK, et al. Tgf-betal inhibits Cftr
biogenesis and prevents functional rescue of DeltaF508-Cftr in
primary differentiated human bronchial epithelial cells. PLoS One.
2013;8(5):e63167.

Yi S, Pierucci-Alves F, Schultz BD. Transforming growth factor-beta1l
impairs CFTR-mediated anion secretion across cultured porcine vas
deferens epithelial monolayer via the p38 MAPK pathway. Am
J Physiol Cell Physiol. 2013 Oct 15;305(8):C867-76.

Galietta LJ, Folli C, Marchetti C, et al. Modification of transepithelial
ion transport in human cultured bronchial epithelial cells by
interferon-gamma. Am J Physiol Lung Cell Mol Physiol. 2000
Jun;278(6):L1186-94.

Besancon F, Przewlocki G, Baro |, et al. Interferon-gamma down-
regulates CFTR gene expression in epithelial cells. Am J Physiol.
1994 Nov;267(5 Pt 1):C1398-404.

Roux J, McNicholas CM, Carles M, et al. IL-8 inhibits
cAMP-stimulated alveolar epithelial fluid transport via a GRK2/
PI3K-dependent mechanism. Faseb J. 2013 Mar;27(3):1095-1106.
Bebok Z, Varga K, Hicks JK, et al. Reactive oxygen nitrogen species
decrease cystic fibrosis transmembrane conductance regulator
expression and cAMP-mediated Cl- secretion in airway epithelia.
J Biol Chem. 2002 Nov 8;277(45):43041-43049.

Schwarzer C, Fischer H, Kim EJ, et al. Oxidative stress caused by
pyocyanin impairs CFTR Cl(-) transport in human bronchial
epithelial cells. Free Radic Biol Med. 2008 Dec 15;45
(12):1653-1662.

O’'Grady SM. Oxidative stress, autophagy and airway ion transport.
Am J Physiol Cell Physiol. 2019 Jan 1;316(1):C16-C32.

Stanton BA, Coutermarsh B, Barnaby R, et al. Pseudomonas aeru-

ginosa Reduces VX-809 Stimulated F508del-CFTR Chloride
Secretion by Airway Epithelial Cells. PLoS One. 2015;10(5):
e0127742.

Trinh NT, Bilodeau C, Maille E, et al. Deleterious impact of pseudo-
monas aeruginosa on cystic fibrosis transmembrane conductance
regulator function and rescue in airway epithelial cells. Eur Respir J.
2015 Jun;45(6):1590-1602.

Barnaby R, Koeppen K, Stanton BA. Cyclodextrins reduce the ability
of pseudomonas aeruginosa outer-membrane vesicles to reduce
CFTR CI(-) secretion. Am J Physiol Lung Cell Mol Physiol. 2019 Jan
1,316(1):L206-L215.

Gentzsch M, Cholon DM, Quinney NL, et al. The cystic fibrosis
airway milieu enhances rescue of F508del in a pre-clinical model.
Eur Respir J. 2018 Dec;52(6):1801133.

Yonker LM, Pazos MA, Lanter BB, et al. Neutrophil-derived cytosolic
PLA2alpha contributes to bacterial-induced neutrophil transepithe-
lial migration. J Immunol. 2017 Oct 15;199(8):2873-2884.

Yonker LM, Mou H, Chu KK, et al. Development of a Primary Human
Co-Culture Model of Inflamed Airway Mucosa. Sci Rep. 2017 Aug
15;7(1):8182.

Montefusco-Pereira CV, Horstmann JC, Ebensen T, et al.
P. aeruginosa Infected 3D Co-culture of bronchial epithelial cells
and macrophages at air-liquid interface for preclinical evaluation of
anti-infectives. J Vis Exp. 2020;160. DOI: 10.3791/61069.


https://doi.org/10.3791/61069

189.

190.

191.

192.

193.

194.

Benam KH, Villenave R, Lucchesi C, et al. Small airway-on-a-chip
enables analysis of human lung inflammation and drug responses
in vitro. Nat Methods. 2016 Feb;13(2):151-157.

Mejias JC, Nelson MR, Liseth O, et al. A 96-well format micro-
vascularized human lung-on-a-chip platform for microphysiolo-
gical modeling of fibrotic diseases. Lab Chip. 2020 Sep 29;20
(19):3601-3611.

Lung-on-a-chip that incorporates fibroblasts, endothelial cells
and differentiated airway epithelia.

Artzy-Schnirman A, Lehr CM, Sznitman J. Advancing human in vitro
pulmonary disease models in preclinical research: opportunities for
lung-on-chips. Expert Opin Drug Deliv. 2020 May;17(5):621-625.
Wilke M, Buijs-Offerman RM, Aarbiou J, et al. Mouse models of
cystic fibrosis: phenotypic analysis and research applications.
J Cyst Fibros. 2011 Jun;10(Suppl 2):S152-71.

Semaniakou A, Croll RP, Chappe V. Animal models in the patho-
physiology of cystic fibrosis. Front Pharmacol. 2019 Jan;4(9):1475.
Bessanova L, Volkova N, Higgins M, et al. Data from the US and
the UK cystic fibrosis registries support disease modification by
CFTR  modulation with ivacaftor. Thorax. 2018 Aug;73
(8):731-740.

195.

196.

197.

198.

199.

200.

201.

EXPERT OPINION ON DRUG DISCOVERY 913

Volkova N, Moy K, Evans J, et al. Disease progression in patients with
cystic fibrosis treated with ivacaftor: data from national US and UK
registries. J Cyst Fibros. 2020 Jan;19(1):68-79.

Kirwan L, Fletcher G, Harrington M, et al. Longitudinal trends in
real-world outcomes after initiation of ivacaftor. a cohort study
from the cystic fibrosis registry of Ireland. Ann Am Thorac Soc.

2019 Feb;16(2):209-216.
Sawicki GS, McKone EF, Pasta DJ, et al. Sustained Benefit from ivacaftor

demonstrated by combining clinical trial and cystic fibrosis patient
registry data. Am J Respir Crit Care Med. 2015 Oct 1;192(7):836-842.
Heltshe SL, Mayer-Hamblett N, Burns JL, et al. Pseudomonas
aeruginosa in cystic fibrosis patients with G551D-CFTR treated
with ivacaftor. Clin Infect Dis. 2015 Mar 1;60(5):703-712.
Lopes-Pacheco M, Pedemonte N, Kicic A. Editorial: emerging therapeu-
tic approaches for cystic fibrosis. Front Pharmacol. 2019;10:1440.
Moore PJ, Tarran R. The epithelial sodium channel (ENaC) as
a therapeutic target for cystic fibrosis lung disease. Expert Opin
Ther Targets. 2018 Aug;22:687-701.

Li H, Salomon JJ, Sheppard DN, et al. Bypassing CFTR dysfunc-
tion in cystic fibrosis with alternative pathways for anion
transport. Curr Opin Pharmacol. 2017 Jun;34:91-97.



	Abstract
	1.  Introduction
	2.  Classical drug discovery
	2.1.  The first drug discovery projects: classical assays and cell lines
	2.2.  Relevance of primary cell models in the development of CFTR modulators
	2.3.  Mechanism of action of modulators

	3.  Novel approaches to modulator discovery
	3.1.  Expanding the use of the existing modulator drugs to additional CFTR mutants
	3.2.  CFTR structure as basis for rational design and in silico optimization of modulators
	3.3.  Novel translational cell models and their predictive capacity
	3.4.  Beyond measurements of CFTR function: additional readouts to determine modulator efficacy
	3.5.  Co-culture cell models that capture the effect of complex interactions between hyper-inflammation, infection and the modulator efficacy.

	4.  Conclusion
	5.  Expert opinion
	Funding
	Declaration of interest
	Reviewer Disclosures
	References



