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Abstract CFTR protein is an ion channel regulated by
cAMP-dependent phosphorylation and expressed in many
types of epithelial cells. CFTR-mediated chloride and
bicarbonate secretion play an important role in the respira-
tory and gastrointestinal systems. Pharmacological
modulators of CFTR represent promising drugs for a variety
of diseases. In particular, correctors and potentiators may
restore the activity of CFTR in cystic fibrosis patients.
Potentiators are also potentially useful to improve mucocil-
iary clearance in patients with chronic obstructive pulmonary
disease. On the other hand, CFTR inhibitors may be useful to
block fluid and electrolyte loss in secretory diarrhea and slow
down the progression of polycystic kidney disease.

Keywords CFTR - Cystic fibrosis - Chloride channel -
Channel blocker

Introduction

CFTR is a plasma membrane protein belonging to the super-
family of ABC transporters [1, 2]. In these proteins, binding/
hydrolysis of ATP by specialized structures (nucleotide-
binding domains, NBDs) is coupled to conformational chan-
ges of transmembrane helices that result in unidirectional
active transport of various types of substrates. However,
CFTR behaves differently, since conformation changes
induced by NBDs control the opening of a pathway that allows
bidirectional flow of ions. Indeed, CFTR works as an ion
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channel permeable to C1~, bicarbonate, thiocyanate, and other
anions [1, 2].

CFTR structure includes: 12 transmembrane helices that
form the conductive pathway and probably the gate; two
NBDs, NBD1, and NBD?2 that face the cytosolic side and
dimerize by binding to two molecules of intracellular ATP;
a cytosolic region, the R domain, not present in other ABC
proteins, that is the site of cAMP-dependent phosphoryla-
tion [1, 2]. Intracellular cAMP elevation is the trigger for
CFTR activation.

Being localized in the apical membrane of many types
of epithelial cells, CFTR represents a major route for anion
secretion in the airways, intestine, exocrine pancreas, and
liver [3]. Loss of CFTR function is the cause of the multi-
organ defects that characterize cystic fibrosis (CF), a
genetic disease due to CFTR gene mutations [3]. CF
manifestations include: progressive loss of respiratory
function, pancreatic insufficiency, biliary cirrhosis, male
infertility, and excessive salt loss by sweating [3]. CF
pathology is also reproduced in pigs and ferrets with
genetic loss of CFTR [4-6]. Interestingly, these animal
models have also revealed a CFTR role in non-epithelial
cells as in endocrine pancreas and smooth muscle [7, 8].
CFTR also plays an important role in the polycystic kidney
disease [9].

CFTR pharmacology has tremendously evolved in the
last 15 years with the identification of a large number of
small molecules that act as inhibitors, potentiators, and
correctors. These molecules are important as tools of
research and as possible drugs. In this respect, highly
selective inhibitors are required to investigate the role of
CFTR in a variety of physiological processes and may
represent potential drugs to treat human diseases charac-
terized by upregulation of CFTR function. On the other
hand, defective CFTR function is the basis of CF and of
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Fig. 1 Effect of inhibitors on CFTR-dependent currents. Compounds
acting as inhibitors of CFTR gating (left) equally reduce CFTR-
dependent current at all membrane potentials. The current—voltage (I-
V) relationship remains linear even in the presence of the inhibitor
(e.g. CFTR;,,-172). In contrast, compounds acting as open channel
blockers (center and right) interact with the CFTR pore. They can
reach the pore from the extracellular side or the intracellular side. If
they are electrically charged, their block is affected by membrane

non-genetic chronic respiratory diseases. In this case, res-
cue of CFTR-dependent anion transport may be obtained
by potentiators and/or correctors, depending on the type of
defect to target. Potentiators increase the time spent by
CFTR in the open state, thus resulting particularly effective
in correcting the intrinsic channel gating defect caused by
class 3 CF mutations. Correctors are instead important to
improve the folding and stability of CFTR.

CFTR inhibitors
Low-affinity inhibitors

Before the era of discovery of CFTR modulators by high-
throughput screening, CFTR was known to be inhibited by
a set of organic small molecules, such as DPC, NPPB,
niflumic acid, and glibenclamide. All these molecules are
characterized by low potency (with ICs, values in the high
micromolar range) and a mechanism of CFTR inhibition
based on direct block of the channel pore from the intra-
cellular side [10-14]. Since most low-affinity CFTR
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potential. For low-affinity CFTR blockers (e.g. NPPB, DPC, and
niflumic acid), which are negatively charged and act from the inside,
negative membrane potentials make the block stronger, thus changing
I-V relationship from linear to outwardly rectifying. For compounds
like GlyH-101, which acts from the outside, the effect of membrane
potential is opposite and the /-V relationship becomes inwardly
rectifying

inhibitors have a negative charge, their mechanism of
block is affected by the transmembrane electrical potential
[10-14]. In particular, the extent of CFTR inhibition is
enhanced and decreased by shifting the membrane poten-
tial in the negative and positive directions, respectively
(Fig. 1). Additional features associated with a low-affinity
mechanism of pore block are: apparent reduction of the
mean open time in single-channel recordings (due to
appearance of rapid closure events) and dose dependence
affected by the transmembrane CI™ concentration gradient
[10, 11, 13, 14].

High-affinity inhibitors

The development of a high-throughput method to screen
large chemical libraries was the basis for the identification
of novel and potent CFTR inhibitors. The method was
based on a halide-sensitive yellow fluorescent protein (HS-
YFP) that allows fast and automated determination of
CFTIR activity [15, 16]. This assay was initially applied to
the screening of 50,000 compounds using FRT cells
expressing wild-type CFTR [17]. An entirely novel
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compound, the thiazolidinone CFTR;,;,-172, was found.
Main characteristics of CFTR;,,-172 were: ICsy around
300 nM and voltage-independent block despite the pres-
ence of a negative charge [17]. The latter characteristic
suggested that CFTR;,;,-172 does not act as open channel
blocker, like low-affinity inhibitors, but probably affects
the mechanism of CFTR gating. CFTR;,;,-172 is inactive
on Ca’*-activated Cl1™ channels, volume-sensitive Cl™
channels, ATP-sensitive KT channels, MDR-1 multidrug
transporter, and SLC26A4 anion exchanger [17-19].
Because of this quite specific type of activity for CFTR
relative to other C1™ channels and transporters, CFTR;,p,-
172 has widely been used as a tool of research in hundreds
of studies.

The mechanism of action of CFTR;,,-172 was investi-
gated in patch-clamp experiments. In an initial study, the
compound appeared to mainly prolong the CFTR closed
state [20]. In a second study, CFTR;,;,-172 was shown to
also reduce the duration of the open time [21]. In particular,
CFTR;,,-172 was demonstrated to be highly effective on
CFTR mutants characterized by very long open times [21].
Mutagenesis of CFTR amino-acid residues in the sixth
transmembrane helix led to the identification of arginine
347 (R347) as key position [22]. Replacement of R347
with alanine or aspartic acid strongly decreased CFTR;,,-
172 potency, with ICsq shifting to high micromolar values
[22]. Importantly, R347 does not contribute directly to the
formation of CFTR pore, but may be important in the
mechanism of pore gating.

CFTR;,;,-172 has a maximum solubility in saline solu-
tion of about 20 uM. Solubility may be a limiting factor
under some particular experimental conditions and for
tissues and animal models in which potency of CFTR;,,-
172 seems to be lower. To improve solubility, 58 chemical
analogs of CFTR;,;,-172 were later synthesized and tested
[23]. This search identified two compounds, tetrazolo-172
and oxo-172, with more than tenfold improved solubility
and satisfactory potency (ICsg ~1 uM).

To find additional CFTR inhibitors, a second high-
throughput screening was later done on a novel chemical
library containing 100,000 compounds [24]. This second
campaign led to the identification of the glycine hydrazide
GlyH-101. Interestingly, this compound showed voltage-
dependent block but in a way opposite to that of low-
affinity CFTR inhibitors. Block by GlyH-101 was actually
relieved by negative membrane potentials and ICs there-
fore, changed from 1.4 to 5.6 uM at 460 and —60 mV,
respectively [24]. In the presence of GlyH-101, the CFTR
current—voltage relationship changed from linear to
inwardly rectifying (Fig. 1). The characteristics of GlyH-
101 mechanism of action indicated that the compound
enters the CFTR pore from the extracellular side. This
conclusion was further supported by results from another

study [25]. A 3D model of CFTR was generated using the
Sav1866 bacterial transporter as a homologous protein.
This model allowed the investigation of putative GlyH-101
sites of action using the ligand-docking techniques. A
region in the narrowest part of CFTR pore was identified.
Interestingly, mutagenesis of a critical residue (change of
phenylalanine 342 to alanine) increased the apparent
affinity of the blocker by ~200-fold [25]. Probably,
replacement of phenylalanine with alanine removes a
predicted steric clash that impedes an optimal interaction
between GlyH-101 and its binding site.

The extracellular side of action of GlyH-101 suggested
the possibility to develop analogs with minimal membrane
permeability [26]. For this purpose, a malonic hydrazide
(MalH) derivative of GlyH-101 was linked to polyethylene
glycols (PEGs) of various molecular weights. These
molecules were, therefore, membrane impermeable but
kept the ability to block CFTR in a voltage-dependent
manner. Such results indicated that the inhibitory part of
the molecule was able to enter the CFTR pore despite the
link with a large polymer [26]. Interestingly, divalent
molecules (MalH-PEG-MalH), having two inhibitory units,
showed a significantly improved potency. The concept of
non-absorbable CFTR inhibitors was further tested by
conjugating MalH to lectins [27]. This modification led to
inhibitors with (nanomolar) potency and able to bind to
cell-surface glycocalyx and resist to washout for several
hours.

The assay based on the HS-YFP was used to screen a
new chemical library containing nearly 110,000 synthetic
and natural compounds [28]. The screening identified a
new class of CFTR inhibitors, pyrimido-pyrrolo-quinaxo-
linediones (PPQs). The most interesting compound was
PPQ-102, an uncharged molecule which fully inhibited
CFTR with an ICsq of 90 nM [28]. As for CFTR;,,-172,
inhibition by PPQ-102 was voltage-independent and
probably due to a modification of CFTR gating. A subse-
quent study on the structure—activity relationship of PPQs
led to an optimized derivative, BPO-27, having very high
potency (IC50 ~8 nM) and improved metabolic stability
and aqueous solubility [29].

Use of CFTR inhibitors

Inhibitors are important as research tools to understand the
CFTR structure—function relationship and physiological
role. Regarding the latter point, inhibitors are useful in
different types of experiments to demonstrate the
involvement of CFTR in a particular physiological process.
However, caution needs to be taken when applying inhi-
bitors in long-term experiments. Low-affinity inhibitors
may have multiple effects on other types of proteins, such
as DPC on cyclooxygenase [30]. GlyH-101 was found to
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also block Ca®"-activated C1~ channels [18] and to perturb
mitochondrial function [31]. Even for more selective
inhibitors, such as CFTR;,,-172, we cannot rule out that
they have activity on other targets, including non-channel
proteins. Finally, the stability of the inhibitor during a long
duration experiment needs to be evaluated. In this respect,
CFTR;,,-172 is known to strongly bind to serum proteins
and cell-culture plasticware. Therefore, particular condi-
tions need to be taken into account for long-term treatments
[32].

Besides the utility as tools of research, CFTR inhibitors
have a great potential for the treatment of human diseases.
Because of its key role in intestinal electrolyte and fluid
secretion, CFTR is an important target for inhibitors to
treat secretory diarrhea [33]. Bacterial enterotoxins, such as
cholera toxin from Vibrio cholerae and heat-stable entero-
toxin from Escherichia coli, cause a large elevation in
intracellular cAMP and cGMP levels and hence massive
CFTR activation. The resulting loss of water and salts may
be life-threatening, particularly in children. Therefore,
pharmacological inhibition of CFTR could be beneficial. In
this respect, several CFTR inhibitors were effective in
blocking intestinal fluid secretion in animal models.
CFTR;,,-172 was found to strongly block fluid accumula-
tion induced by cholera toxin in a rat intestine closed-loop
model [17]. The particular pharmacokinetics of CFTR;,;,-
172, with a low level of distribution in key organs, such as
lungs and high concentration in intestine due to entero-
hepatic recirculation, indicated that oral administration of
the compound could result in effective anti-diarrheal
activity without causing CF-like symptoms.

As stated previously, the discovery of GlyH-101, which
acts from the extracellular side, offered the possibility to
generate non-absorbable anti-diarrheal drugs. Such drugs
could be administered orally and remain in the intestinal
lumen with minimal side effects. Non-absorbable GlyH-
101 derivatives, including MalH-PEGs and MalH-lectins,
showed anti-diarrheal activity [26, 27]. In particular, con-
jugation to lectins, allowing binding to the glycocalyx of
intestinal epithelial cells, resulted in a higher ability of the
inhibitor to resist washout caused by fluid secretion [27].

CFTR inhibitors may also be useful to treat polycystic
kidney disease (PKD). This is because renal cyst enlarge-
ment in PKD involves CFTR-dependent fluid secretion
[9, 34, 35]. Thiazolidinones and glycine hydrazide com-
pounds were found to inhibit cyst growth in an in vitro
model based on canine MDCK cells [35, 36]. In particular,
tetrazolo-172 and Ph-GlyH-101 strongly blocked cyst
growth without altering cell proliferation, thus implying a
direct effect on fluid secretion [36]. Such compounds and
PPQ compounds were also effective in an embryonic kid-
ney cyst model [28, 29, 36]. In particular, PPQ-102 and
BPO-27 were quite potent, with ICsq values in the
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100-500 nM range, and even reduced the size of pre-
formed cysts.

CFTR potentiators
Druggability of class 3 CFTR mutants

In 2011, ivacaftor, previously known as VX-770 [37], was
the first small molecule shown to be effective on CF
patients with G551D, a severe mutation that impairs the
opening of CFTR channel. The positive results obtained by
ivacaftor in clinical trials [38, 39] led to its approval for the
treatment of patients with at least one copy of G551D
allele. Ivacaftor belongs to the class of potentiators, i.e.,
small molecules that stimulate CFTR channel activity
(Fig. 2). Such molecules are particularly suited for muta-
tions that belong to class 3 like G551D and G1349D [40].
CFTR proteins with such mutations show a channel gating
defect, consisting of a very low open channel probability
(P,), i.e., the fraction of time spent by the protein in the
open/conducting state. The most frequent mutation in CF,
F508del, has also a gating defect, but is classified as a class
2 mutation, since it causes a severe impairment in CFTR
protein stability and folding [40, 41].

The first indications that small chemical compounds can
restore channel activity in CFTR mutants with gating
defect came shortly after the discovery of CFTR gene.
Indeed, xanthines like 3-isobutyl-1-methylxanthine
(IBMX), flavones (apigenin), and isoflavones (genistein)
were found to increase the activity of wild-type CFTR and
that of G551D-CFTR [42—46]. The effect of genistein was
confirmed in vivo by measuring nasal potential difference
on G551D-CF patients [46]. Xanthines were found to
increase the activity of CFTR incorporated into planar lipid
bilayers, suggesting that these drugs act by a direct inter-
action with the CFTR protein itself and by a cAMP-
independent mechanism [43, 47]. Studies of xanthines and
isoflavones effects on CFTR protein bearing mutations in
NBDs revealed a functional role of these domains in the
activation of CFTR [48, 49].

The benzimidazolone NS004 and NS1619 were also
found to increase the activity of CFTR mutants [50].
Interestingly, the study concluded that these compounds act
only on phosphorylated CFTR. Therefore, benzimida-
zolones and other molecules acting similarly, such as
genistein, were called “potentiators” and not activators.
Another important observation was that the mechanism
shared by both benzimidazolones and genistein consists of
an increase in P,. Other compounds, including phloxine B
and benzo(c)quinoliziniums, were also found to act as
potentiators of mutant and wild-type CFTR [51, 52]. The
benzo(c)quinolizinium MPB-07 was found to act on CFTR
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Fig. 2 Mechanism of action of CFTR modulators. The figure shows
the site of action of potentiators, correctors, and inhibitors of CFTR.
Potentiators act on open channel probability (P,) favoring the open
state vs. the closed state of the channel, as shown by the idealized
single-channel traces. Instead, correctors increase n, i.e., the number
of CFTR channels in the plasma membrane (the idealized trace shows

without modifying intracellular cAMP and ATP levels or
phosphatase activity, thus suggesting a direct effect of
potentiators on CFTR protein.

One of the first studies done with potentiators on pri-
mary human airway epithelial cells involved the
comparison of three molecules: genistein, CPX, and MPB-
07 [53]. This study identified genistein as the most
effective potentiator, with a particular efficacy on the
G551D mutant. In contrast, CPX and MBP-07 displayed
low activity on mutant CFTR. The study also demon-
strated that the concentrations of genistein needed to
increase efficiently the activity of G551D-CFTR were
significantly higher (~200 pM) than those used for wild-
type CFTR (~30 puM), thus suggesting that the Gly551
residue is close to the binding site for potentiators. Despite
the modest activity shown in vitro, CPX was tested as a
CFTR potentiator in a multicenter clinical trial that
included 37 subjects homozygous for F508del mutation
[54]. The study followed a protocol of increasing doses (1,
3, 10, 30, 100, 300, and 1000 mg) to evaluate safety,
pharmacokinetics, and efficacy of CPX. Efficacy was
determined using nasal PD and sweat chloride measure-
ments at 1-4 h post-dose. The treatment resulted safe, but
there was no apparent effect on either nasal PD or sweat
chloride measurements [54, 55]. Two reasons may explain
the failure of CPX in vivo. First, as discussed above, CPX

simultaneous openings of multiple channels). Open channel inhibitors
block the pore causing the appearance of fast closure events.
Depending on the sampling time and filtering, the effect may appear
as a reduction in single-channel conductance (g). Inhibitors of CFTR
gating reduce P,. The effect consists of a lengthening of closure
events and/or shortening of openings

is not a very effective potentiator. Second, the folding/
stability defect is caused by F508del predominates over
the gating defect. Therefore, a significant rescue of
F508del-CFTR function cannot be obtained with a
potentiator alone.

Development of CFTR potentiators by high-
throughput screening

The low potency and/or efficacy of many potentiators like
genistein, CPX, MPB-07, and benzimidazolones indicated
the need to find molecules with new chemical scaffold and
better properties. This goal could be achieved by screening
large chemical libraries with a functional assay. For this
purpose, a yellow fluorescent protein with high sensitivity to
halides was developed [56]. Halide-sensitive yellow fluo-
rescent proteins (HS-YFPs) were used in automated cell-
based assays to screen hundreds of thousands of molecules in
different rounds. In this way, several chemical families were
identified, including 7,8-benzoflavones, isoxazole and isox-
azoline  heterocyles, trifluoromethylphenylbenzamines,
tetrahydrobenzothiophenes, benzofurans, pyramidinetriones,
1,4-dihydropyridines, anthraquinones, phenylglycines, and
sulfonamides [57-63]. Patch-clamp experiments demon-
strated that the new potentiators identified by high-throughput
screening increase P, and improve CFTR gating [61].
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Other types of potentiators were found by Vertex
pharmaceutical company using a different functional assay
based on membrane potential sensitive fluorescent probes.
An initial report described VRT-532 as an effective
potentiator, although with modest potency [64]. In a sub-
sequent study, the Vertex team described the discovery of a
very potent and effective molecule [37]. By screening
hundreds of thousands of molecules, one of the hits was
improved by rounds of chemical modification and func-
tional evaluation [37, 65]. The final result was VX-770, a
potentiator highly effective on F508del and GS551D
mutants with nanomolar affinity. In patch-clamp experi-
ments, VX-770 increased P, of F508del- and G551D-
CFTR. Importantly, VX-770 was also effective on cultured
human bronchial epithelial cells with G551D mutation on
one allele. Stimulation of cells with VX-770 resulted in a
tenfold increase in transepithelial C1~ secretion reaching a
value of nearly 50 % of that observed in non-CF cells [37].
Furthermore, VX-770 elicited positive effects on airway
surface fluid height and on cilia beating frequency, two
parameters that are relevant as surrogate markers of CFTR
function in the airways.

The very positive results obtained in vitro rapidly led to
clinical trials with VX-770/ivacaftor on G551D patients. In
a first phase 2 trial, VX-770 treatment was associated with
a significant improvement in lung function after 2—4 weeks
treatment [38]. In a subsequent phase 3 clinical trial,
involving 84 subjects and lasting 48 weeks, VX-770 eli-
cited significant positive effects on pulmonary function,
body weight, and other clinically relevant parameters [39].
As stated at the beginning of this paragraph, the results
from clinical trials allowed approval of VX-770/ivacaftor
by FDA and EMA for the treatment of G551D patients.
Interestingly, VX-770 is also effective on many other
CFTR mutants. In a study published in 2014, efficacy of
VX-770 was tested on 54 different missense mutations
[66]. Ivacaftor potentiated the activity of a variety of
mutant CFTR proteins, including those with mild defects in
CFTR processing or mild defects in CFTR single-channel
conductance. Now, ivacaftor is approved for the treatment
of patients with other eight class 3 mutations in addition to
G551D. The in vitro and in vivo data indicate that VX-770/
ivacaftor is a broad acting molecule, effective on many
types of CFTR mutations. The exception is represented by
F508del and other (class 2 mutations) with severe folding/
stability defects. In these cases, VX-770, as well other
potentiators, is only effective if mutant CFTR trafficking to
the cell surface is helped by another type of treatment.

Putative mechanism of action

So far, the precise of mechanism of action of potentiators is
unclear, but there have been various studies pointing out to
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a direct effect on CFTR protein. In one of these studies
[67], the large number of compounds identified as poten-
tiators and the crystal structure of the murine NBDI1
previously determined [68], permitted to test the hypothesis
of a common binding site. The apparent dissociation con-
stant (K4q) for 18 potentiators was estimated from
experiments done on cells expressing with wild-type or
mutant (G551D and G1349D) CFTR [67]. A decrease in
potency (higher K4) was observed when compounds were
tested on mutant CFTR, thus suggesting that the binding
site could reside in the regions surrounding G551 and
G1349. A model of the NBD1-NBD2 complex was gen-
erated in silico by overlaying monomers of a bacterial ATP
transporter NBD dimer in the head-to-tail conformation,
and binding sites were predicted by molecular docking
[67]. Comparison of theoretical-binding free energy in the
model with the free energy deduced from the apparent Ky
yielded a very good correlation coefficient for a site located
at the interface between NBDI1 and NBD2 [67]. The
involvement of this site was successively confirmed by the
mutation analysis, indicating a role of residues R553 and
V1293 [69]. Most of CFTR potentiators exhibit at least two
effects on CFTR channel: an increase in activity at low
concentrations and a decrease of activity when the con-
centrations are further raised. The consequence of this is a
bell-shaped dose-response curve. The functional analysis
of mutations in the putative-binding site showed that there
is an inverse correlation between the activation dissociation
constant and the inhibition dissociation constant, indicating
that these sites are not independent of each other [69].

More recently, Linsdell and colleagues [70], using
patch-clamp analysis, found that extracellular pseudo-
halide anions are able to increase CFTR conductance in
intact cells, as well as increase anion secretion in airway
epithelial cells. This effect appeared to reflect the interac-
tion of these substances with an extracellular site on the
CFTR protein by a previously undescribed molecular
mechanism. Therefore, the authors suggested that future
drugs could utilize this mechanism to increase CFTR
activity in CF, possibly in conjunction with known intra-
cellularly acting potentiators.

In biochemical studies, the potentiator VRT-532 affec-
ted the ATPase activity of the purified and reconstituted
mutant CFTR protein. Authors found that ATP turnover
was decreased by VRT-532 treatment, an effect that
probably accounts for the increase in channel open time
induced by this compound [71]. In another study, a
potentiator was directly tested on an NBD1/NBD2 complex
[72]. The potentiator reduced the rate of ATP hydrolysis by
the NBD1/NBD2 complex. In addition, small-angle X-ray
scattering revealed that the potentiator induced a confor-
mational change in the NBD heterodimer. These results led
authors to propose that the potentiator-induced
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conformational changes could modify the NBDs-intracel-
lular loop interactions in a way that would facilitate the
open state of the channel [72].

In subsequent studies, Christine Bear’s group found that
VX-770 is effective on purified CFTR reconstituted in
artificial membranes [73]. This is a strong line of evidence
supporting a direct mechanism of action of potentia-
tor(s) on CFTR. Intriguingly, VX-770 also enhanced the
channel activity in the nominal absence of Mg-ATP. This
finding suggested that VX-770 can induce CFTR channel
opening through a non-conventional ATP-independent
mechanisms [73]. Using the patch-clamp technique, Jih
and Hwang [74] also found that VX-770 enhances spon-
taneous, ATP-independent activity of WT-CFTR. This
finding may explain how VX-770 can be effective on the
G551D mutant, which is actually insensitive to ATP. The
effect of VX-770 was also analysed on R352C-CFTR, a
mutant that allows direct observation of hydrolysis-trig-
gered gating events. The conclusions from this study were
that VX-770 promotes decoupling between gating cycle
and ATP hydrolysis cycle [74]. Interestingly, these authors
also proposed the alternative hypothesis that VX-770 acts
on the transmembrane domains of CFTR.

Potentiators may also be useful to treat other, non-ge-
netic, pulmonary diseases [75]. It has been shown that a
deficit in CFTR function may exist in chronic obstructive
pulmonary diseases characterized by mucus accumulation
[76]. Therefore, potentiators could promote CFTR activity,
thus improving fluid secretion and mucociliary clearance.

Summarizing, CFTR potentiators are an important class
of molecules that are highly effective in restoring mutant
CFTR activity. Their mechanism of action is probably
based on a direct binding to the CFTR protein, but their
precise binding site remains to be clarified.

CFTR correctors

The term “corrector” was coined to define small mole-
cules that are able to increase the amount of CFTR
protein on the plasma membrane. This is an effect that is
particularly important for those mutations, in particular
F508del, that cause a severe defect in CFTR protein
folding and stability [41]. Such mutants are trapped in the
endoplasmic reticulum and rapidly degraded. A small
fraction of the mutant protein can actually reach the
plasma membrane, but the lifetime on cell surface is
significantly reduced [41]. Therefore, correctors may act
in different ways: by directly improving the folding and
stability of mutant CFTR, by specific modulation (inhi-
bition or activation) of a protein involved in CFTR
protein processing, or by broad modulation of the pro-
teostasis network to create an environment more favorable

to mutant CFTR (thus reducing its degradation and
improving trafficking).

Several CFTR correctors have been identified in the last
years, particularly by high-throughput screening of chem-
ical libraries. The search is frequently done by incubating
the cells with test compounds for 24 h and then looking for
enhanced function that results from an increase of mutant
CFTR in the plasma membrane [77]. Other types of high-
throughput assays directly measure the presence of CFTR
protein on cell surface instead of function [78].

One of the first reports of CFTR correctors resulted from
the screening of 150,000 compounds using the HS-YFP
assay [79]. Compounds belonging to four chemical classes
were found to rescue F508del-CFTR in cell lines, but only
one of them, bisaminomethylbithiazoles, was effective in
primary bronchial epithelial cells from CF patients with
F508del/F508del genotype. The best compound was corr-
4a. This compound increased cAMP-dependent Cl1™
secretion to nearly 8 % of normal value [79]. The struc-
ture—activity relationship of corr-4a analogs was
investigated in subsequent studies leading to compounds
with improved efficacy and potency [80-82].

The Vertex pharmaceutical company has also used their
method of screening to look for correctors. In a first report,
two compounds, VRT-325 and VRT-422, with modest
corrector activity, were found [64]. In a subsequent paper,
the same team described the discovery of a very effective
corrector [83]. As for VX-770, the chemical structure of
the initial hit identified by high-throughput screening was
modified to improve its pharmacological properties. The
final result was VX-809, a compound with relatively high
efficacy in cell lines and primary bronchial epithelial cells
from F508del/F508del patients [83]. In the latter type of
cells, VX-809 increased cAMP-dependent C1™ secretion to
14 % of normal function. When the gating defect of
F508del was overcome with the VX-770 potentiator, the
cAMP-dependent CI™ secretion in cells treated with VX-
809 reached 25 % of normal function [83].

Another team of investigators has also screened multiple
chemical libraries, in this case with a trafficking assay that
utilizes CFTR tagged with an extracellular epitope [78].
The epitope allows the detection of cell-surface F508del-
CFTR exposure induced by correctors. With the CFTR
trafficking assay, several active compounds have been
discovered: sildenafil analogs [84], glafenine [85], and
latonduine [86].

CFTR correctors have also been identified by hypothe-
sis-driven projects. In one approach, the histone
deacetylase inhibitor SAHA was used because of its broad
capacity to change cell transcriptome [87]. The rationale
was to modulate the intracellular proteome to create an
environment more favorable for mutant CFTR folding and
processing. Treatment of cells with SAHA induced a nearly
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threefold increase in F508del-CFTR function at the cell
surface [87]. In other studies, investigators chose to target
kinases to modify the proteostasis network. Various inhi-
bitors of receptor tyrosine kinases, RAS/Raf/MEK/ERK or
p38, appeared to rescue F508del-CFTR [88]. In another
study, roscovitine, an inhibitor of cyclin dependent kinases
(CDKs), was also able to correct mutant CFTR [89].
However, the analysis of roscovitine mechanism of action
excluded CDK involvement and rather pointed out to a
modulation of protein degradation machinery [89].

Modulation of autophagy is another possible strategy to
correct F508del-CFTR. Actually, autophagy was found to
be defective in CF cells. It was postulated that CFTR defect
causes upregulation of reactive oxygen species, and acti-
vation of transglutaminase with consequent entrapment of
beclin 1 causing impairment in autophagy process and
inflammation [90]. This cascade can be blocked and CFTR
rescued by compounds like cysteamine [91].

Recently, new correctors for F508del-CFTR were found
by considering the detrimental interaction that occurs
between CFTR-NBDI1 and keratin-8. Pharmacological
inhibitors of this interaction were found by in silico
screenings. Such compounds rescued F508del-CFTR [92].

Another possible strategy to CFTR correctors is by
investigating the interactome of CFTR with proteomic and
bioinformatic methods [93, 94]. Identification of key net-
works and signaling pathways linked to CFTR processing
could reveal ways to modulate such processes with phar-
macological agents.

An intriguing aspect of mutant CFTR rescue is the
completely separate activity of potentiators and correctors.
Although potentiators overcome the gating defect associ-
ated with F508del mutation, they have no activity at all on
its trafficking problem. Actually, chronic treatment with
potentiators may even decrease the efficacy of correctors
[95, 96]. An exception to this rule is trimethylangelicin.
This compound was reported to work both as a potentiator
and a corrector [97]. Other compounds with possible dual
activity are aminoarylthiazoles, AATs [98]. However, it is
possible that the dual activity of AATSs arises from two
separate mechanisms of action [99].

The mechanism of action of most correctors, particu-
larly of those identified by high-throughput screening,
remains to be elucidated. It is possible that such com-
pounds act on CFTR protein as pharmacological
chaperones. However, mechanisms based on the modula-
tion of another protein cannot be excluded. For example,
latonduine, identified by screening a marine extract col-
lection, was found to act through members of the
poly(ADP-ribose) polymerase (PARP) family [86, 100].

It is important to note that efficacy of correctors is
always far from reaching 100 % of F508del-CFTR rescue.
There are multiple reasons to explain this partial activity.
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For compounds acting as pharmacological chaperones, it
should be considered that F508del causes at least two types
of main defects to CFTR protein: intrinsic instability of
NBDI1 and impairment of NBDI interaction with the
intracellular loops (ICLs) that connect NBDs to trans-
membrane domains. It has been shown that both types of
defect need to be corrected to achieve a very high rescue of
mutant CFTR, but that known correctors target only one
defect [101]. For example, VX-809 improves the NBD1—
ICL4 interaction, but does not correct NBD1 instability
[101, 102]. Corr-4a acts differently, probably through
interaction with the second half of CFTR, possibly
involving NBD2 [101, 103]. Importantly, only combination
of one or two correctors with the chemical chaperone
glycerol elicited a nearly total F508del-CFTR rescue [101].
Therefore, corrector combination is probably needed to
obtain a therapeutically relevant effect in vivo. For com-
pounds acting as proteostasis regulators, partial activity is
inherent to the multiple pathways that control CFTR
folding, trafficking, and degradation [41]. There are no
compounds that can modulate all these processes together
in an optimal way.

Partial efficacy of single corrector therapy is the
probable reason of the modest effects obtained by cor-
rectors in clinical trials. Treatment of F508del/F508del
patients with VX-809 (also known as Lumacaftor) did
not result in a significant clinical benefit [104]. Better
findings were found by combining Lumacaftor with the
potentiator Ivacaftor [105]. This drug combination,
named Orkambi, was approved for patients carrying two
copies of F508del. However, efficacy of Orkambi is
lower than that of Ivacaftor on patients with G551D and
other class 3 mutations.

Summarizing, rescue of F508del-CFTR is a particu-
larly difficult to task and probably not feasible with a
single molecule. New correctors are probably going to
be discovered in the near future. In the mean time, the
large number of compounds discovered so far in a
variety of studies offers the possibility to test all of them
on a comparative basis using the same cell models and
assays. Identification of the best compounds could help
in the design of corrector combinations having particu-
larly strong additive/synergic effects on F508del-CFTR
rescue.
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