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Section 1. Introduction 

Three decades have passed since the cloning of the cystic fibrosis transmembrane 

conductance regulator (CFTR) gene, which encodes an epithelial anion channel also 

named CFTR. CFTR maintains the homeostasis of water and electrolytes in epithelium-

lining tissues such as the airways, pancreas, intestines, sweat duct, etc. [1, 2]. Loss-of-

function mutations in the CFTR gene cause cystic fibrosis (CF), a multi-organ, chronic 

disorder with symptoms secondary to airway infection/inflammation, pancreatic insufficiency 

and anatomic abnormalities in the male reproductive system [3, 4]. Patients with CF also 

bear a higher risk of other CF-related conditions such as diabetes and gastrointestinal 

cancer [5, 6]. The past thirty years witness remarkable progress in both basic sciences and 

clinical medicine in the field: a thorough understanding of CFTR’s function, detailed 

categorization of the molecular defects caused by pathogenic mutations, the solution of 

multiple atomic structures of CFTR, and above all, successful development of drug 

treatments for the majority of patients with CF. 

 

Since the discovery of the first small-molecule CFTR modulator ivacaftor in 2009 (approved 

by the US Food and Drug Administration, FDA in 2012) [7], therapeutics targeting the 

fundamental cause of CF, the dysfunctional CFTR proteins, have substantially increased 

CF patients’ life expectancy and dramatically improved their life quality. To date, ~90% of 

CF patients in the US benefit from CFTR modulator therapies developed by Vertex 

Pharmaceuticals [8, 9]. Although the remaining ~10% CF patients carrying rare mutations 

are not eligible for these medicines and still rely on symptomatic treatments, the CF 

community is galvanized towards developing novel therapeutics aimed at any left-behind 

mutations with the goal of delivering personalized cure to every individual with CF. 

 

In this review, we start with the structural and functional studies of CFTR that are directly 

relevant to the actions of CFTR modulators, followed by a summary of the classification of 

CF-causing mutations. We then put emphasis on recent breakthroughs in the development 

of CFTR modulators and highlight the mechanistic studies that address how CFTR 

correctors and potentiators restore the function of CFTR mutants. For more comprehensive 

reviews of CFTR biosynthesis, structure/function, and regulation, we refer the readers to 

Csanády et al. [10], Hwang et al. [11], Pranke, Sermet-Gaudelus [12], and Al Salmani et al. 

[13].  

 

Section 2. Atomic structures of CFTR and its modulators 

In 2016, the long-awaited high-resolution structure of CFTR was solved by Prof. Jue Chen’s 

lab using the cryogenic electron microscopy (cryo-EM) technology [14]. In the following 

years, a series of CFTR structures in different conformations and with CFTR modulators 



bound was published by the same group [15-19]. An immediate gain from the cryo-EM 

structures of CFTR is to confirm the evolutionary relationship between CFTR and the 

exporters of the ATP binding cassette (ABC) transporter superfamily, as they all share a 

conserved architecture: an assembly of two transmembrane domains (TMDs, TMD1 and 

TMD2) and two cytosolic nucleotide binding domains (NBDs, NBD1 and NBD2). The TMDs 

in the ABC transport proteins form the substrate translocation pathway across the cell 

membrane, and the NBDs work as an engine harnessing the energy of ATP binding and 

hydrolysis to power the substrate transport cycle. CFTR inherits the canonical motifs of 

TMDs and NBDs but refashions its TMDs into an ion-conducting pore. Different from other 

ABC exporters is an additional regulatory domain (R domain) inserted between CFTR’s two 

NBD/TMD complexes (Figure 1A).  

 

Comparisons between the solved CFTR structures in different states reveal the distinct 

features of this channel: First, part of the R domain is wedged in between the two NBDs 

and the cytosolic extension of the TMDs in the unphosphorylated CFTR [14, 16]. Although 

the structure of the entire R domain was not resolved due to its lack of well-defined 

secondary structures, its position suggests an inhibitory effect on channel gating by steric 

hindrance. Consistent with this latter idea, in phosphorylated, ATP-bound CFTR structure, 

the density corresponding to the R domain was on the peripheries of the protein [15, 17]. 

Second, in phosphorylated ATP-bound CFTR structures, the two NBDs form a canonical 

head-to-tail heterodimer. The dimerization-induced conformational changes in the TMDs 

allow the permeation pathway to penetrate toward the extracellular side until reaching a 

constricted region surrounded by L102, F337, T338, and N1138 (Figure 1B). At this level, 

the pore is too small to accommodate a dehydrated chloride ion [15, 17], and hence this 

ATP-bound structure represents a closed state with dimerized NBDs. Internal to this 

constricted region is a large internal vestibule with a lateral portal flanked by 4th 

transmembrane segment (TM4) and TM6 that are adorned with a number of positively-

charged residues to attract anions towards the pore. Third and most unexpectedly, the TM8 

is unwound by a helical break between residue 921 and 930, which was proposed to 

explain the asymmetric contribution of TMD1 and TMD2 to CFTR’s pore formation.  

 

Besides the determination of CFTR structures, the Chen’s lab sets an important milestone 

in the journey of CF therapeutics—identifying two hotspots on CFTR for, respectively, 

potentiators [18] and type I correctors [19] (Figure 2). Individual amino acid residues 

interacting with these modulators were verified by elegant biochemical and biophysical 

studies [18-20]. The locations and exact amino-acid compositions of the binding sites 

establish a framework to understand how these small molecules affect CFTR gating or 

folding. Armed with these structural and functional mechanisms of CFTR modulators, the 



field is at the cusp of materializing rational drug-design for CF.  

 

Section 3. CFTR biochemistry and biophysics 

CFTR biosynthesis, folding, trafficking, and degradation 

Encoded by the CFTR gene on the seventh chromosome (7q31.2) [1], the mRNA transcript 

of CFTR is translated in the endoplasmic reticulum (ER) and further processed by the Golgi 

apparatus to make a multi-domain glycoprotein of 1480 amino acids with a molecular 

weight of ~170 kDa. As the synthesis of the nascent polypeptide of CFTR starts from the N- 

to the C-terminus, domain folding and insertion of the transmembrane segments into the 

ER membrane proceed co-translationally [21-23]. The newly synthesized TMD1 is first 

positioned in the ER membrane [24], followed by simultaneous growing and folding of the 

NBD1 polypeptide, an event accompanied by molecular chaperones that stabilize the 

cytosolic NBD1 during successive R domain synthesis [25-30]. Interactions between these 

three domains further stabilize the TMD1-NBD1-R domain complex and integration of 

TMD2 into the membrane ensues. Folding of NBD2 and assembly of the individual domains 

into a compact tertiary structure are completed post-translationally [31]. In the ER, CFTR is 

core-glycosylated at asparagine 894 and 900 in the fourth extracellular loop, creating the 

so-called immature form of CFTR (band B on Western blot) that is ready to enter the Golgi 

secretory pathway. On the other hand, misfolded CFTR resulting from a wide spectrum of 

mutations, including the most prevalent CF-causing mutation F508del, is targeted by 

ubiquitination and degraded via Endoplasmic Reticulum Associated Degradation (ERAD). 

Trafficked to the Golgi complex, the core-glycosylated CFTR is processed by multiple 

glycosyltransferases to become the fully-glycosylated or mature form of CFTR (band C on 

Western blot). Secretory vesicles then transport the mature CFTR to the apical plasma 

membrane, where it can finally exert its function as an ion channel. With a half-life of 12-24 

hours [32, 33], a wild-type CFTR is internalized by endocytosis that sends the channel 

either to lysosomal degradation or to a recycling pathway back to the membrane. 

 

Ion conduction and permeation 

The pore of CFTR has a high anion-versus-cation selectivity but shows less degree of 

discrimination among small anions such as chloride, bromide, or nitrate [34-36]. For the two 

most prevalent, small, physiological anions, chloride and bicarbonate, CFTR has a 

permeability ratio (PCl
-/PHCO3

-) and a conductance ratio (gCl
-/gHCO3

-) both in the range of 3.5–

4 [37, 38], enabling CFTR to play an essential role in transepithelial chloride and 

bicarbonate movement in the G-I tract and the airway. The overall architecture of CFTR’s 

ion permeation pathway in the cryo-EM structures is largely consistent with a picture based 

on functional studies employing substituted cysteine accessibility method (SCAM) [39-46, 

reviewed in 47]: The pore consists of a narrow segment sandwiched by positively-charged 



internal and external vestibules that attract anions to their respective entryway. Given that in 

the cryo-EM structure, the constricted area, which was proposed to be the selectivity filter 

and the gate, is too narrow for chloride movement [15, 17], how chloride ions outcompete 

other anions may await the solution of the open channel conformation. 

  

Phosphorylation-dependent activation and ATP-dependent gating 

Activation of CFTR requires cAMP-dependent PKA phosphorylation of the R domain, and 

the balance between phosphorylation and dephosphorylation processes in the cell 

determines the activity of CFTR [36, 48]. At least eight major PKA phosphorylation sites in 

the R domain have been identified [49-51]; phosphorylation of most of these serine 

residues stimulates CFTR channel activity whereas two of them (S737 and S768), once 

phosphorylated, are paradoxically inhibitory [52-54]. Nonetheless, even fully-

phosphorylated CFTR prefers a closed conformation until ATP binds to its two ATP-binding 

sites to initiate dimerization of the two NBDs and gate opening (details in below). This ATP-

dependent gating of phosphorylated CFTR is augmented incrementally with the degree of 

phosphorylation and that channels lacking the R domain are constitutively active with an 

open probability (Po) that is compatible to that of a fully-phosphorylated wildtype CFTR [55, 

56]. Since it seems unlikely that protein kinases can target an R domain wedged between 

the two TMD-NBD complexes, it was proposed that spontaneous dislodgement of the R 

domain from that inhibitory position renders the R domain accessible to protein kinases, 

which through simple binding and/or phosphorylation prevent R domain’s return to the 

inhibitory position [57].  

 

Once the R domain is released from the occluded location, binding of ATP to the two 

nucleotide binding sites (site 1 and site 2) induces dimerization of the NBDs [58, 59]. Since 

each NBD is connected to the TMDs through the intracellular loops, the conformational 

changes can be transmitted toward the TMDs to open the gate. Next, ATP hydrolysis in the 

catalytic site 2 disrupts the NBD dimer, leading to separation of the NBDs and gate closure. 

CFTR’s site 1, on the other hand, is catalytically incompetent. Rather than terminating the 

opening burst by hydrolysis, ATP in site 1 likely plays a distinct role in stabilizing CFTR’s 

structure during the gating motion [60-62]. In each gating cycle, CFTR’s pore 

opening/closure is coupled to ATP-dependent formation/separation of the NBD dimer; the 

gating rate is thus determined by the catalytic turnover rate of site 2’s ATPase activity (0.5–

1 s-1).  

 

Plenty of subtleties in how the NBDs control the gate are still under debate [10, 11]. Based 

on the prevailing mechanism of ABC exporters, which depicts a rigid-body motion of the 

TMD/NBD complexes, CFTR’s gate in the TMD is open if and only if the NBDs are 



dimerized (Figure 3A) [63]. An alternative gating model featuring an energetic coupling 

between TMDs and NBDs was also proposed [64] (Figure 3B). The essence of this latter 

model, in contrast to the strict coupling model, is that NBD dimerization facilitates, but not 

obligates, gate opening and vice versa. A consequent distinction between the strict coupling 

and the energetic coupling mechanisms is the stoichiometry between the gating cycle and 

ATP consumption: the former follows a one-to-one stoichiometry and the latter is 

nonintegral. Both models agree that the dimer interface at site 2 opens up upon ATP 

hydrolysis to release the hydrolytic products, but they differ in the subsequent events. Strict 

coupling thesis holds that as soon as the dimer interface breaks open, the gate is closed, 

and the gating cycle completes at the full separation of the two NBDs. In contrast, the 

energetic coupling model incorporates a post-hydrolytic state with an open gate and 

emptied site 2, and a closed state with dimerized NBDs. In other words, the coupling 

between NBDs and the gate in TMDs is probabilistic: NBD dimerization promotes but not 

obligates gate opening, and gate opening promotes NBD dimerization, resulting in a 

nonintegral stoichiometry between the ATP hydrolysis cycle and the gating cycle [65]. 

 

Section 4. CF-causing mutations (classification) and mechanisms of CFTR 

dysfunction 

To function as a phosphorylation-activated and ATP-gated anion channel, CFTR requires a 

delicate balance between protein stability and relatively fast conformational dynamics which 

are responsive to environmental cues. CFTR mutations which disrupt this balance, as well 

as those that inhibit proper biogenesis of CFTR proteins, could lead to CFTR dysfunction 

and CF. 

 

Currently, over 2100 variants have been reported for the CFTR gene 

(http://www.genet.sickkids.on.ca/), although not all of these cause CF. By far the most 

prevalent variant is the deletion of the phenylalanine at position 508 in the NBD1, termed 

F508del, with an estimated 90% of individuals with CF possessing at least one copy of this 

variant. The remaining 10% of individuals with CF bear comparatively rare mutations in 

CFTR. The less most prevalent variants are G542X, G551D, N1303K and W1282X 

accounting for just 2.6 %, 2.0 %, 1.8 % and 1.5 % of patients in the CFTR2 database [66]. 

The mutation sites span the entire CFTR protein (Figure 4). Comparatively fewer variants 

are found in the R domain, consistent with the much greater sequence diversity and a lack 

of secondary structure in this region [67]. These disparate locations of pathogenic 

mutations explain why these variants result in differing mechanisms for CFTR dysfunction—

from loss of protein expression and stability to altered gating and conductance properties. 

Thus, this highly heterogeneous patient population makes drug development challenging, 

as no single compound is likely to be effective across the entire spectrum of CFTR variants 



and disease phenotypes.  

 

CFTR variants have been classified into six major classes according to their underlying 

functional defects [68-71] (Table 1): 

 

Class I variants result in defective protein synthesis by mutations that cause frameshifts, 

alternative splicing or the introduction of stop codons. As less, or prematurely truncated, 

protein is synthesized, CFTR expression is often severely reduced or indeed absent. For 

example, both the G542X and W1282X variants introduce stop codons resulting in 

abrogated protein production (with a remaining 5 to 10 % of wild-type level [72]) and a 

severe CF phenotype [73-75]. 

 

Class II variants affect protein folding and transport to the cell surface by causing CFTR to 

misfold and be targeted for degradation in the endoplasmic reticulum (ER). This severely 

reduces the number of functional CFTR molecules reaching the plasma membrane. The 

common F508del variant is a typical Class II variant. F508del cells express mostly 

immature CFTR, whilst the mature, fully glycosylated form is absent [76], indicating a 

folding and subsequent maturation defect. It has been proposed that loss of F508 results in 

increased instability of the NBD1 domain [77], which is crucial for proper folding.  

 

Class III variants alter channel regulation and gating. This is classically characterised by a 

reduction in open probability in electrophysiological recordings, without alteration in current 

amplitude [78]. G551D is an example of a Class III variant. Due to the electrostatic 

repulsion between the negatively charged aspartate side chain and the phosphate groups 

of ATP, ATP-dependent gating is abolished in G551D-CFTR [78-80]. Interestingly, the Class 

II mutation F508del also results in dysfunctional channel gating, an effect that could be 

attributed to the loss of the F508-mediated NBD1-ICL4 interaction which communicates 

conformational changes in the NBDs to the CFTR pore [14, 15, 81]. Moreover, class III 

variants are not confined to the NBDs. F312del on TM5 and R117H on ECL1, both exhibit 

moderate effects on channel gating [82-84], despite residing some 70 Å and 90 Å away 

from the ATP binding sites, respectively. The loss of an R117-mediated hydrogen bond has 

been recently proposed as the mechanism by which R117 mutations alter gating [85], whilst 

the structural mechanism for defective gating in F312del-CFTR is unknown but could be 

related to the location of this residue at the TM8 hinge [17]. These mutations, which cause 

gating defects via different mechanisms, highlight the complex allosteric network which 

regulates CFTR function.   

 

Class IV variants lead to a reduced chloride conductance by impeding chloride ion flow 



through the pore [86]. Often, these are residue substitutions in the pore region resulting in 

the loss of a positively charged side chain [87], for example R347P and R334W. These 

mutations are likely to reduce anion conductance by the loss of favourable electrostatic 

interactions between the chloride ions and the pore-lining side chains [14].  

 

Class V variants exhibit reduced expression at the membrane. Unlike Class I and II 

variants, these variants are synthesized and folded correctly, but display mutations in 

promotor or splicing regions which reduce the overall abundance of the protein. For 

example, the A455E variant alters CFTR processing, resulting in less protein at the cell 

surface [88]. Patients with the A455E variant exhibit a relatively mild disease phenotype 

[89], possibly attributed to the functional A455E-CFTR which does reach the plasma 

membrane [88, 90].   

 

Class VI variants result in reduced plasma membrane expression and increased protein 

turnover, caused by conformational instability at the plasma membrane and/or in the post-

ER compartments, or the introduction of internalization signals to remove CFTR from the 

cell membrane. Several CFTR-interacting proteins, including keratin, PDZ domain 

containing proteins and SNARES, regulate the expression and stability of CFTR on the cell 

surface [91]. Mutations at the regions of CFTR which interact with these regulatory proteins 

can therefore lead to Class VI dysfunction. For example, C-terminal truncation mutations, 

such as Q1412X, confer increased sensitivity to degradation [69], possibly due to the loss 

of a C-terminal hydrophobic residue patch which in wildtype CFTR may interact with the 

cytoskeleton to strengthen membrane stability [92, 93].  

 

Although this classification system is useful in broadly understanding the impacts of 

different CF-causing variants, most variants have defects in multiple classes. For instance, 

as described above, F508del-CFTR exhibits both a Class II folding defect and a Class III 

gating defect [76, 94]. In addition, membrane-expressed F508del-CFTR is subject to 

increased turnover, characteristic of a Class VI defect [32, 95]. Similarly, P67L, classically 

described as a Class II variant, is also sensitive to modulators designed to act on gating 

and conductance defects (termed potentiators, see Section 5.1) [96]. Not surprisingly, given 

its location on ECL1, the R117H mutant also exhibits reduced chloride conductance [86], a 

Class IV defect, alongside dysfunctional gating. Finally, it was recently reported that the 

Class VI variant Q1412X also confers a gating defect, characterised by a reduced Po, which 

may be due to the C-terminal truncation impairing the structural integrity of the NBD2 ATP 

binding site [97]. Even within classes, there is considerable intraclass variability in the 

precise mechanism of CFTR dysfunction. For instance, whilst both variants are Class III 

defects, G551D exhibits a much more severe gating defect than F312del [79, 84]. In 



contrast to G551D and F508del [79, 94], which primarily reduce the opening rate, the 

R117H variant decreases Po by shortening the burst durations and prolonging intraburst 

and interburst closures [82, 83, 85]. This is by no means an exhaustive list of cross-class 

variants and intraclass variability, but hopefully presents the challenge of assigning binary 

classes to these multi-mechanism defects. 

 

Correctly assigning variants to their respective classes is essential for drug development. 

Correcting either the folding or gating defect of F508del in isolation is insufficient to fully 

restore wildtype function [7, 98], whereas using a combination of modulators which act on 

different mechanisms of CFTR dysfunction improves treatment efficacy [99]. Therefore, an 

updated classification system allowing for combinations of the previously defined six 

classes has been proposed [100]. This updated system allows for mechanistic subdivisions 

for certain variants, and this increased detail in classifying CFTR variants paves the way for 

personalized therapies for CF based on an individual’s specific variant class fingerprint, 

termed “theratyping” [100-102]. 

 

Whilst the structural mechanism of dysfunction caused by a particular CFTR variant can 

largely explain the behaviour of the protein in vitro, it is important to remember that disease 

severity in CF patients can also be influenced by other external factors, including modifier 

genes, the environment, and socioeconomic status [103-105]. Moreover, where lung 

damage has already occurred, correcting the underlying defects in CFTR does not reverse 

the existing lung damage [106]. 

 

Section 5. Rectification of CFTR dysfunction with CFTR modulators 

CFTR Potentiators 

Potentiators are a group of small molecules that enhance chloride flux through CFTR by 

increasing its Po. Patients with Class III (e.g. G551D) or Class IV (e.g. R117H) mutations 

benefit from CFTR potentiator monotherapy (ivacaftor) [7, 107], and combinational therapy 

of ivacaftor plus correctors is now a gold standard for patients carrying at least one allele of 

F508del [8].  

 

Long before the discovery of ivacaftor, pioneering studies using small molecules to 

modulate CFTR gating demonstrated that multiple steps in CFTR gating may be targeted to 

enhance CFTR activity. The most straightforward strategy is to increase intracellular cAMP, 

which activates PKA-dependent phosphorylation of CFTR. This idea was exemplified by 

IBMX (3-isobutyl-1-methylxanthine), a compound that indirectly elevates cAMP level by 

inhibiting phosphodiesterase [108, 109]. Since opening of CFTR is mainly governed by 

ATP-induced NBD dimerization, another apparent strategy to increase Po is to stabilize the 



dimeric NBDs with high-affinity hydrolysable ATP analogs. Three such chemically modified 

compounds were developed, including N6-(2-phenylethyl)-ATP (P-ATP), 2′-deoxy-ATP (2′-

dATP), and N6-(2-phenylethyl)-2′-deoxy-ATP (P-dATP). As expected, all of them potentiate 

CFTR activity [110-112]. The horizontal stacking between the additional benzene ring of P-

ATP and the aromatic side chains of residues in the ATP-binding site (e.g., Y1219) accounts 

for its high-affinity, whereas the underlying structural mechanism for potentiation by 2′-dATP 

was unclear. Despite these encouraging proof-of-concept studies, clinical utility of IBMX 

and ATP analogs is limited, and they are now mostly used as tools to study CFTR function 

in the lab. 

 

Meanwhile, numerous small molecules were reported to potentiate CFTR via distinct 

mechanisms. Genistein, a plant-derived isoflavone, was the first potentiator shown to 

directly act on CFTR gating [113-116]. Curcumin, another natural compound that increases 

the Po of both wildtype CFTR and mutant channels with defective ATP-dependent gating 

(e.g., G551D- and NBD2del-CFTR), exhibits additive effects with genistein [117, 118]. 

Interestingly, a chloride channel blocker NPPB (5-nitro-2-(3-phenylpropyl-amino) benzoic 

acid) was found to work as a dual-acting modulator, which blocks the chloride current but 

potentiates CFTR activity simultaneously [119, 120]. Along this line, 9-anthracene 

carboxylic acid (9-AC) also acts as a voltage-dependent pore blocker and voltage-

independent potentiator presumably through two different binding sites [121].  

 

At the turn of the century, adoption of high throughput drug screening further accelerated 

the discovery of potential chemical scaffolds for CFTR potentiators, including phenylglycine 

(e.g., PG-01) [122], sulfonamide (e.g., SF-01) [122], and tetrahydrobenzothiophene (e.g., 

CFTR potentiator P5) [123]. Moreover, dual-acting compound such as VRT-532 with both 

potentiator and corrector activities was discovered [124], creating the possibility for one 

drug to target different functional defects in CFTR mutants. Although the above compounds 

were not used clinically, they contribute to an increasingly thorough understanding of how 

CFTR’s function can be modulated. 

 

The first landmark discovery of small molecules of clinical applicability is with ivacaftor (VX-

770) [7]. In patients with G551D mutation, ivacaftor improved predicted FEV1 (Forced 

Expiratory Volume in One second) by 10.5% compared to the placebo, markedly decreased 

sweat chloride concentration by ~50 mmolL-1, and reduced the frequency of pulmonary 

exacerbations [125]. These robust beneficial clinical outcomes easily won the FDA’s 

approval for ivacaftor monotherapy for people carrying Class III or Class IV (R117H) 

mutations. Ivacaftor was also used later in combination with correctors for patients with 

F508del mutation. 



In vitro mechanistic studies suggest that unlike IBMX, phosphorylation is not required for 

ivacaftor’s potentiation, as channels lacking the entire R domain are still responsive to 

ivacaftor [126]. In addition to potentiation on ATP-dependent gating on wildtype CFTR, 

ivacaftor also prolongs non-hydrolytic closure of hydrolysis-deficient mutants and promotes 

CFTR activity in the absence of ATP [126]. Moreover, G551D- and NBD2del-CFTR respond 

to ivacaftor, indicating that NBD dimerization is not essential for its action [80, 127]. Given 

the hydrophobic nature of ivacaftor and its effectiveness from both extracellular and 

intracellular applications, it was postulated that the target site for ivacaftor resides in the 

TMDs. Since ivacaftor works additively with nitrate, which potentiates CFTR activity in a 

manner identical to ivacaftor but most likely binds to the TMD-water interface as a 

hydrophilic anion, the binding site for the hydrophobic ivacaftor was proposed to lie in the 

TMD-lipid interface [127]. Indeed, a binding pocket for ivacaftor mainly comprised of 

hydrophobic amino acids at the TMD-lipid interface was identified by cryo-EM (Figure 2, A-

C) [18]. The interactions between each amino acid residue and ivacaftor were also verified 

by examining the mutational effect on the sensitivity of the channel to ivacaftor and GLPG-

1837, which despite significant structural differences binds to the same spot as ivacaftor 

[20, 128]. For instance, the cryo-EM structure shows that residue Y304 stabilizes the overall 

structure of the binding site by forming a hydrogen bond with the neighboring TM8. Mouse 

CFTR, which instead has a phenylalanine at the 304th residue, is irresponsive to ivacaftor. 

Replacing mouse F304 with tyrosine restores the effect of ivacaftor, and substitution of the 

human Y304 with phenylalanine significantly reduces the affinity of ivacaftor. Meanwhile, 

the possibility of multiple binding sites for ivacaftor continues to be explored. For instance, 

Csanady and Torocsik (2019) argued that the kinetics of activation/deactivation time course 

of ivacaftor are most compatible with two drug binding sites in the TMDs [129]. Using 

photoactive probe and molecular dynamic simulation, Laselva et al., (2021) determined an 

additional binding pocket at the intracellular loop 4 (ICL4) for ivacaftor [130]. 

 

Undoubtedly, the identification of ivacaftor’s binding site makes a monumental stride toward 

the goal of structure-based drug design. However, thermodynamic analysis on gating 

modulation suggests that the efficacy of a potentiator is determined by its different binding 

affinities between the closed and open channels [128]. The implication is that to optimize 

the effect of a CFTR potentiator, one needs to compare the binding modes of the drug on 

both closed and open channel conformation, the latter of which remains unsolved. 

Moreover, as GLPG1837, which is more efficacious but less potent than ivacaftor, shares 

the same binding site with ivacaftor and most residues contributing to ivacaftor’s binding 

also interact with GLPG1837, detailed comparison between multiple potentiators binding 

modes on the same site will provide insights into how manipulation on their chemical 

structures can achieve better potency and efficacy. 



 

The triple combination therapy introduced a novel CFTR corrector elexacaftor (VX-445), 

which is later discovered to be a dual-acting compound with potentiator activity. In human 

nasal and bronchial epithelial cell cultures, acute addition of elexacaftor increases the 

activity of wildtype, F508del and gating mutants of CFTR including G551D and G1244E 

[131-133]. The EC50 of elexacaftor’s potentiation is ~1 nM [132, 133], a hundred-fold lower 

than its EC50 for the corrector activity [134], suggesting a distinct binding site for its 

potentiating effect. More importantly, elexacaftor exhibits synergy with ivacaftor on G551D-

CFTR, as the effectiveness of the individual potentiator is promoted by the presence of the 

other potentiator [132, 133]. Of note, elexacaftor also synergistically potentiates R117H-

CFTR with ivacaftor, implying an even broader application in CF therapies [132]. 

 

The pharmacological synergism of elexacaftor and ivacaftor indicates a distinct mechanism 

of action and binding site for elexacaftor as a potentiator. Elexacaftor does not alter the 

intracellular cAMP level [132], but the potentiator activity of elexacaftor seems to be 

correlated with the phosphorylation level of CFTR. Laselva et al. (2021) reported in a pilot 

study that acute addition of elexacaftor enhances the response of F508del-CFTR to 

forskolin, but the potentiating effect of elexacaftor is diminished if the channels were already 

activated by 10 μM forskolin [131], contradicting other two reports [132, 133]. Exactly how 

elexacaftor works remains unclear. Nevertheless, since ivacaftor only partially restores the 

function of several gating mutants, including G551D, the combination of ivacaftor and 

elexacaftor presents a promising opportunity for new CF therapies in patients carrying 

Class III mutations. 

 

CFTR Correctors 

CFTR correctors aid protein folding, processing, delivery to and stability on the plasma 

membrane. Correctors fall into two main classes: those acting as molecular chaperones to 

directly engage the CFTR protein [135, 136], and those which indirectly aid CFTR folding by 

modulating proteostasis [137-139]. We will focus on the former as direct modulators of 

CFTR. 

 

Although CFTR correctors have so far garnered more success than potentiators, with three 

corrector compounds licensed in the clinic at the time of writing 

(apps.cff.org/trials/pipeline/), the molecular mechanism of corrector action is not as well 

understood compared to that of potentiators. Moreover, correctors alone are unable to fully 

rescue F508del-CFTR [98] and their efficacy in improving the clinical phenotype is limited 

[140, 141]. A more thorough understanding of the mechanism of action of CFTR correctors 

may aid the development of more efficacious compounds.  



 

Most studies support a direct interaction between the corrector and CFTR. A series of 

correctors including corr-4a were shown to inhibit cysteine cross-linking between CFTR 

TMDs [136], whilst NMR and thermal stability data on isolated NBD1 indicated 

conformational shifts upon binding of the corrector CFFT-001 [142]. Indeed, putative 

binding sites for lumacaftor, the first corrector to be licensed for treatment of CF, have been 

defined by both in silico computational methods [143] and structural biology [19, 144].  

 

Based on their putative binding sites and their interaction fingerprint with other corrector 

compounds, correctors have been classified into three categories [134, 145]. Type I 

correctors were proposed to bind to and stabilise the NBD1-TMD1 or NBD1-TMD2 

interface, but cryo-EM structures of CFTR in complex with type I correctors demonstrated a 

common binding pocket within the TMD1 [19, 134, 146]. Type II correctors are thought to 

act upon NBD2 and its interfaces with other parts of CFTR, and include experimental 

compounds such as corr-4a [147], but no type II correctors are yet licensed for clinical use. 

Finally, Type III correctors may directly stabilise NBD1 [134]. Elexacaftor, part of the 

recently approved combination therapy elexacaftor-tezacaftor-ivacaftor is designated a type 

III corrector [134].  

 

A definitive mechanism of action for CFTR correctors remains elusive. This is partly due to 

a lack of consensus on the location of a binding site on CFTR. The most intensively studied 

compound in this regard is the type I corrector lumacaftor. Consistent with experiments on 

domain fragments showing an interaction with TMD1 [148-150] and NMR data showing a 

stabilisation of the NBD1-TMD1 interface [144], molecular docking studies identified 

potential binding pockets for lumacaftor at different sites in this region. He et. al. used a 

homology model of CFTR to dock lumacaftor to the hydrophobic groove between the helical 

loop of ICL4 and NBD1, close to F508 [151]. Indeed, this pocket was hypothesised as a 

hotspot for interdomain stability and a series of novel corrector compounds were identified 

by an in silico screen against this site [152]. However, more recently, a study combining 

molecular modelling and site-directed mutagenesis uncovered two alternative binding sites 

for lumacaftor proximal to the lasso motif; the first comprised residues from the “elbow” 

region of the lasso motif, TM1 and TM3, whereas the second site was further towards the 

extracellular side of CFTR and included TM3 and TM4 [143]. These binding site disparities 

were ultimately settled by the cryo-EM structure of the CFTR/type I corrector complexes, 

showing that lumacaftor and tezacaftor bind to the TM1 elbow pocket to stabilize the TMD1 

in protein folding (Figure 2, D-F) [19].  

 

Due to their ability to synergise with type I correctors [134], type II and III correctors are 



expected to bind to alternative sites on CFTR. Corr-4a, a type II corrector, is proposed to 

bind to TMD2 [148], whilst elexacaftor (type III) is able to bind isolated NBD1 [134]. 

Baatallah et al (2021) proposed that elexacaftor, as a corrector, has two potential binding 

sites in the TMD1 and NBD1, the latter being shared with lumacaftor [143]. A definitive 

answer to the binding site(s) for elexacaftor still awaits structural evidence. As corrector 

monotherapy has limited efficacy in fully rescuing CFTR dysfunction [140, 141], nowadays 

combining multiple correctors, which potentially bind at different sites and hence utilise 

different modes of action, appears to be the gold standard to correct variants exhibiting 

multiple defects in biogenesis [153-155].  

 

Beyond structural and functional studies of CFTR correctors, clinical trials are invaluable in 

providing real-world data on the efficacy of correctors and corrector combinations in CF 

patients. The first clinical trial of lumacaftor in F508del homozygous individuals showed 

minimal improvement in sweat chloride and lung function, indicating that lumacaftor 

monotherapy was insufficient to restore CFTR function to the point of clinical benefit [140]. 

However, when used as a combination therapy with the potentiator ivacaftor, a much 

greater clinical effect was seen, with patients experiencing an increased FEV1 and reduced 

exacerbation frequency with long term therapy [156, 157]. Similarly, the corrector ABBV-

2222 had limited efficacy when given alone [141], but further trials are underway to evaluate 

the efficacy of ABBV-2222 in combination with a CFTR potentiator (trial number 

NCT03969888). Recently, clinical trials of lumacaftor/ivacaftor combination therapy in 

children firstly aged 6 - 11 years old, and subsequently in children under 5, have shown 

good safety and efficacy profiles and suggest that early intervention with modulator 

therapies may be able to modify the course of disease into adulthood [158, 159]. The triple 

combination therapy has been proved efficacious in CF patients over the age of 12 [9] and 

children aged 6 to 11 (trial number NCT03691779), showing significant improvements in 

lung function, sweat chloride and quality of life. Trials in children aged two to five are 

currently underway (trial number NCT04537793).    

 

Despite the success of the triple combination therapy, treatments for nonsense and many 

rare mutations that do not benefit from CFTR modulators are still inadequate. However, 

strategies that override the premature stop codons as well as replacing or repairing the 

messenger RNA or DNA template are under development, including RNA therapy, 

antisense oligonucleotide therapy, gene editing and gene therapy. As this review focuses on 

CFTR modulators, we recommend the following reviews to readers who are interested in 

other treatments for CF: Cooney et al. [160], Hodges, Conlon [161], Pranke et al. [162], 

Fajac, Sermet [163].  

 



Section 6. Conclusion and future perspective 

Decades of rigorous research on CF and CFTR have paved the way for recent successes 

in developing personalized medicine for patients with CF. Moreover, researchers are just 

beginning to materialize the potential of structure-based drug design using CFTR as the 

target. When the interaction between the drug and its binding partners is revealed down to 

an atomic level, optimization of efficacy and affinity by modifying the chemical structure of 

the drug becomes feasible. It is anticipated that precision drug design, in addition to high-

throughput drug screening, would play a major role in the development of next generation 

CFTR modulators. The discovery of dual-acting molecules also raises the possibility of 

designing a single drug that rectifies multiple function defects, which will simplify the 

therapeutic regimen.  

 

Although CFTR modulators have been used in patients for over a decade and their 

effectiveness on pulmonary functions are well-documented, the long-term benefits on 

patients, especially the extrapulmonary effects, are harder to evaluate [164]. On the other 

hand, evidence for CFTR’s role in other airway diseases suggests a therapeutic potential of 

CFTR modulators for diseases such as chronic obstructive pulmonary disease and chronic 

bronchitis [165]. More research integrating structural, functional, and clinical studies on CF 

and CFTR is still much needed to accelerate the progress toward a cure for those afflicted 

by CF. 

 

 
Figure 1. Cryo-EM structures of human CFTR. (A) Atomic structures of the 

dephosphorylated, ATP-free (PDB: 5UAK) and phosphorylated ATP-bound (PDB: 6MSM) 

human CFTR. (B) Constriction region of the pore. The gray mesh is the chloride-accessible 

space defined by a probe with the size of a dehydrated chloride (1.8Å). Transmembrane 

helices in TMD1 and TMD2 are colored in cyan and green respectively.  

 



 

Figure 2. Cryo-EM structure of CFTR modulators ivacaftor and lumacaftor bound to CFTR. 

(A) The structure of phosphorylated, ATP-bound CFTR with ivacaftor (magenta). (B) An 

expanded view of ivacaftor binding site. Transmembrane segment (TM) 4, 5, and 8 are 

indicated. (C) Amino acid residues of the ivacaftor binding site. Residues within van der 

Waals distances are shown in yellow, and hydrogen bonds are indicated with dashed 

lines. An unknown density between R933 and ivacaftor is shown as green mesh. (D) The 

structure of phosphorylated, ATP-bound CFTR in complex with lumacaftor (yellow). (E) 

Lumacaftor binding site formed by TM1, 2, 3, and 6. (F) Detailed architecture of the 

lumacaftor binding site. Residues within 4.5 Å of lumacaftor are shown as gray sticks. A salt 

bridge between K68 and lumacaftor is indicated by a magenta dashed line. (Adopted from 

Liu et al., 2019 and Fiedorczuk and Chen 2021 with permission). 



 
Figure 3. Strict-coupling and energetic-coupling models for CFTR gating. (A and B) 

Cartoon representation of the strict-coupling (A) and energetic-coupling (B) gating scheme. 

Orange trapezoids: TMDs. Red and blue hemispheres: NBD1 and NBD2, respectively. 

Green ovals: ATP. C: closed states. O: open states.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Location of the most prevalent single point CFTR variants mapped onto the 

CFTR structure. The structure of the phosphorylated and ATP-bound human CFTR (PBD: 

6MSM) is shown in light grey, with the positions of the 30 most common single amino acid 

variants depicted as spheres. The variants approved for treatment with the triple therapy 

ivacaftor-tezacaftor-elexacaftor (Trikafta) are shown in cyan, and variants not yet approved 

for modulator treatment in purple. 

 



 

Table 1. Classes of CF-causing CFTR variants. The CFTR mutation classification 

system, including example variants, their location on the CFTR structure and treatment 

options.  
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