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Abstract

Background: The potentiator ivacaftor (VX-770) has been approved for therapy of 38 cystic 

fibrosis (CF) mutations (~10% of the patient population) associated with a gating defect of the CF 

transmembrane conductance regulator (CFTR). Despite the success of VX-770 treatment of 

patients carrying at least one allele of the most common gating mutation G551D-CFTR, some lung 

function decline and P. aeruginosa colonization persist. This study aims at identifying potentiator 

combinations that can considerably enhance the limited channel activity of a panel of CFTR gating 

mutants over monotherapy.

Methods: The functional response of 13 CFTR mutants to single potentiators or systematic 

potentiator combinations was determined in the human bronchial epithelial cell line CFBE41o- 

and a subset of them was confirmed in primary human nasal epithelia (HNE).

Results: In six out of thirteen CFTR missense mutants the fractional plasma membrane (PM) 

activity, a surrogate measure of CFTR channel gating, reached only ~10–50% of WT channel 

activity upon VX-770 treatment, indicating incomplete gating correction. Combinatorial 

potentiator profiling and cluster analysis of mutant responses to 24 diverse investigational 
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potentiators identified several compound pairs that improved the gating activity of R352Q-, 

S549R-, S549N-, G551D-, and G1244E-CFTR to ~70–120% of the WT. Similarly, the potentiator 

combinations were able to confer WT-like function to G551D-CFTR in patient-derived human 

nasal epithelia.

Conclusion: This study suggests that half of CF patients with missense mutations approved for 

VX-770 administration, could benefit from the development of dual potentiator therapy.

Introduction

More than 2000 mutations have been identified in the cystic fibrosis transmembrane 

conductance regulator (CFTR) gene, which may lead to a loss-of-function of this anion 

channel at the apical plasma membrane of secretory epithelia [1]. Cystic fibrosis (CF), one 

of the most common lethal autosomal-recessive diseases, is characterized by a multi-organ 

pathology affecting the upper- and lower-airways, endocrine system, as well as the intestinal 

and reproductive tracts. In the lung, lack of functional CFTR expression leads to impaired 

anion secretion, reduced airway liquid volume and pH, and defective mucociliary clearance 

resulting in reoccurring infections and uncontrolled inflammation, culminating in lung 

damage, the main cause for morbidity and mortality in CF [1].

CFTR mutants can be categorized into six classes according to their cellular phenotypes: 

class I–VI mutants exhibit expression, folding, gating, conductance, quantity and peripheral 

stability defects, respectively [2]. However, the complexity of CFTR mutant phenotypes at 

the cellular/molecular levels warranted the introduction of combinatorial categories to guide 

the development of mutant-specific combination therapy with CFTR modulators [2].

In recent years, efforts have focused on the development of modulators that can alleviate the 

folding (correctors) or gating (potentiators) defects via direct interaction with CFTR 

mutants. Presently, a single potentiator drug, ivacaftor (VX-770), has been approved for 

mono-therapy of 38 mutants with defective channel gating [3, 4]. However, based on 

electrophysiological studies, the function of the prototypical gating mutant G551D-CFTR is 

only partially restored upon VX-770 treatment [5, 6]. Combinations of potentiators were 

recognized to increase the gating efficacy of G551D-, S1251N-, W1282X- and N1303K-

CFTR [7–12].

Here we carried out a systematic approach to select efficacious dual potentiator 

combinations for gating mutants with suboptimal susceptibility to VX-770. The results 

present a framework for the identification of CFTR mutants that can benefit from dual 

potentiator treatment and underscore the therapeutic potential of potentiator combinations in 

CF personalized medicine as soon as multiple gating potentiators enter the clinic.

Methods

Full details are available in the Supplementary Methods.
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Abbreviated methods

The isolation of human nasal epithelia (HNE) from healthy and CF human subjects was 

performed under the protocol and consent form approved by the McGill MUHC Research 

Ethics Board (MP-37-2018-4227).

HNE were isolated, conditionally reprogrammed, expanded and differentiated on filter 

supports as described previously [13]. The generation of CFBE41o-(CFBE) cell lines 

harboring the inducible expression of full-length human WT-CFTR with a 3HA-tag in the 

fourth extracellular loop has been described [14]. Nucleotide substitutions to generate other 

CFTR variants were introduced by overlapping PCR mutagenesis. PM density determination 

[14], short-circuit current (Isc) measurement [15], halide-sensitive YFP quenching assay 

[15], qPCR [14], CFTR reconstitution in planar phospholipid bilayer [15] and EThcD-

MS/MS [16] were performed as described previously.

Results

VX-770 incompletely corrects the functional defect of a subset of gating mutants

To determine the mutation-dependent CFTR gating rescue by VX-770, we determined the 

biochemical and functional expression of 12 CFTR mutants, which have been approved for 

VX-770 treatment. To this end, we transduced the human bronchial epithelial cell line 

CFBE41o-(CFBE) with lentiviral particles that conferred the inducible expression of the 

3HA-tagged P67L [15], R117H, G178R, R334W, R347H [17], R352Q, S549N, S549R, 

G551D [14], G551S, G1244E, S1251N and G1349D CFTR variants (Supplementary Fig. 

S1a). The M/V status of the polymorphism at position 470, which can affect the mutant 

biogenesis [18] and modulator response [19], was chosen to reflect the majority distribution 

in the CF population (Supplementary Table 1) (G. Cutting on behalf of the CFTR2 team, 

personal communication). In addition, the R334W-CFTR, a conductance mutant [20], was 

also included.

The PM density of most mutants was similar to that of WT-CFTR after normalization for 

CFTR mRNA content (Supplementary Fig. 1b), suggesting that the mutations do not 

interfere with folding or stability of the channel (Fig. 1a). The exceptions were the P67L and 

S549R mutations, which were associated with a VX-809 correctable folding defect [21] 

(Fig. 1a).

Next, we determined the cAMP-dependent protein kinase (PKA)-stimulated activation of the 

mutants. As expected, the short-circuit current (Isc) was increased upon acute VX-770 

addition (Fig. 1b, Supplementary Fig. 1c). To compare the mutant and WT activation at the 

single-channel level, we calculated the fractional PM activity, defined as CFTR mediated Isc 

divided by the channel PM density in CFBE monolayer, an estimate of the mean channel 

open probability relative to that of the WT and previously validated on F508del-CFTR [22]. 

The fractional PM activity determination showed that the R334W, R352Q, S549N, S549R, 

G551D, G1244E and S1251N mutants activation in the presence of VX-770 reached 5.0 ± 

1.1, 44.2 ± 3.3, 48.5 ± 6.7, 35.6 ± 4.2, 4.4 ± 1.1, 25.1 ± 6.0 and 68.1 ± 2.1% of the PKA-

activated WT CFTR transport activity, respectively, indicating only partial correction of their 

gating defects (Fig. 1c).
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Systematic approach to identify additive potentiator combinations

To assess whether combinations of potentiators may further improve channel function in 

comparison to single-potentiator treatment, we selected R334W, S549N, S549R, G551D and 

G1244E mutants with the most severe fractional PM activity defects. The R347H with a 

WT-like fractional PM activity served as control. The identification of additive potentiator 

pairs was performed in a three-stage process.

First, the response of PKA-activated mutants to a panel of 24 potentiators was determined 

using the halide-sensitive yellow fluorescent protein (YFP) quenching assay (Supplementary 

Table 2). These potentiators included VX-770, ABBV-974 (formerly GLPG1837), a 

potentiator under development by AbbVie, the P1–P10 investigational potentiator panel 

made available by the Cystic Fibrosis Foundation, potentiators that do not exhibit a 

downregulating effect on F508del-CFTR (P12, C-01, D-01, E-01, F-01, H-01 and A-04) 

[23], A15 that was initially identified as W1282X potentiator [8], apigenin an analog of P6 

(genistein) with increased potency for G551D potentiation (Supplementary Fig. 2a and b), 

and three curcumin derivatives; bisdemethoxycurcumin (bDMC), demethoxycurcumin 

(C110), as well as the newly synthesized C111 analogues that exhibit higher potency and 

efficacy for G551D potentiation than curcumin (Supplementary Fig. 2b and c).

Second, we determined the potency of the most efficacious eight potentiators for six gating 

mutants, using the halide-sensitive YFP quenching assay (Fig. 2a and b, Supplementary 

Table 3), since both efficacy and potency of VX-770 are mutant-specific (Supplementary 

Fig. 1c and d). For VX-770 we observed a biphasic channel activation, measured by YFP 

quenching and Isc assay. The two EC50 values for VX-770 were in the nanomolar and low 

micromolar range (Supplementary Table 3). This may be the result of unspecific, saturable 

sequestration of VX-770, considering the compound’s hydrophobic nature and avidity to 

hydrophobic surfaces, serum proteins and cellular accumulation [24, 25]. The EC50 of 

ABBV-974 and curcumin analogs were in the low micromolar range and of A15 and 

apigenin in the mid micromolar range, despite mutant-specific variability (Supplementary 

Table 3).

Lastly, we tested the gating effect of potentiator pairs at or near saturating concentrations to 

minimize possible additivity from their interaction with the same binding site. Increased 

activation of G551D, S549R, S549N and G1244E was achieved by several potentiator 

combinations as compared to that of VX-770 treatment alone (Fig. 3a and Supplementary 

Fig. 3a–e). Two mutants, R334W and R347H, did not respond to combinations, likely due to 

the R334W conductance defect [20] and the WT-like fractional PM activity of the R347H-

CFTR (Supplementary Fig. 3f–i).

To gain insights whether the increase in function of the responsive mutants was due to 

higher efficacy of single potentiators or simultaneous binding of two potentiators that exert 

additive effects, the results were analyzed by combinatorial profiling (Fig. 3b). Here we 

compared the functional gain elicited by potentiator pairs to that of the calculated additive 

effect of individual compounds. Based on this analysis, we categorized the potentiator 

combinations as redundant, partially additive, additive or higher than additive (Fig. 3b and 

Supplementary Fig. 3b–e). Subsequent clustering of the combination profiles revealed 
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potentiators that show comparable interactions with other compounds, and thus likely work 

by a similar mechanism or compete for an overlapping binding site. Compounds that 

clustered together were VX-770 and ABBV-974 (Fig. 3b), confirming published results [26–

28], as well as P1, P2, P7, H-01 and A-04. Conversely, apigenin, the curcumin analog C111, 

and for some mutants A15 clustered far from VX-770, ABBV-974 and other investigational 

potentiators, suggesting a complementary mechanism of action (Fig. 3b).

Potentiator combinations increase the open probability without influencing the 
phosphorylation of mutant CFTR

To gain more insights into the effect of potentiator combinations, we determined the single-

channel activity of G551D-CFTR in reconstituted planar phospholipid bilayer. The open 

probability (Po) of phosphorylated G551D-CFTR was ~0.08 in the presence of VX-770, 

considerably lower than that of the WT (Fig. 4a and b). Upon addition of apigenin the Po 

increased to 0.14 (Fig. 4a and b). These results suggest that simultaneous and direct binding 

of both, VX-770 and apigenin, can nearly double the Po of G551D-CFTR.

The potentiation efficacy of VX-770 depends on the extent of phosphorylation in wild-type 

and several mutant CFTR channels [29, 30], with higher PKA activity exposure showing 

enhanced VX-770-mediated potentiation in G551D-CFTR. It is unknown whether the gating 

defect of G551D- and S549N-CFTR is a consequence of impaired phosphorylation and 

whether dual potentiator could further enhance the channel phosphorylation propensity. To 

address a possible relationship between the phosphorylation and potentiation efficacy of the 

channel, we quantified the phospho-occupancy of eleven and ten PKA consensus 

phosphosites in the affinity purified G551D- and S549N-CFTR, respectively by our recently 

implemented electron-transfer/higher-energy collision dissociation (EThcD) fragmentation 

mass spectrometry (EThcD-MS/MS) workflow [16] (Fig. 4c, d and Supplementary Fig. 4a, 

b). The confidence of these sites was manually verified by their MS/MS spectra 

(Supplementary Fig. 4c). While under resting conditions, some of the sites showed ~5–30% 

phospho-occupancy in both mutants, PKA-activation increased the relative phosphorylation 

levels at six and five sites in G551D- and S549N-CFTR, respectively (Fig. 4c and 

Supplementary Fig. 4a). The addition of VX-770 alone or in combination with genistein, 

however, only marginally affected the phospho-occupancy (Fig. 4d and Supplementary Fig. 

4b), suggesting that dual-potentiator exposure fails to alter the phosphorylation propensity of 

the channel and acts downstream.

Functional rescue of CFTR gating mutants by potentiator combinations

The extent of the mutant functional rescue by dual-potentiator treatment was determined by 

Isc measurements in CFBE cells. Here we focused on the combination of potentiators which 

are approved drugs or are in clinical development, i.e. VX-770 or ABBV-974, with 

potentiators that exhibit a complementary mechanism of action as indicated by the 

combinatorial profiling, i.e. apigenin, A15 or curcumin analogs. CFTR was phosphorylated 

by forskolin exposure followed by sequential potentiator addition and the individual 

compound contribution to the maximal Isc was determined as percentage of WT-controls 

(Fig. 5a–b, e and Supplementary Fig. 5a). For G551D-CFTR, forskolin-activation resulted in 

marginal CFTR function, which was increased by acute VX-770 addition to ~6% of WT-
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function (Fig. 5a and b). Addition of a second potentiator, apigenin, bDMC or P7, increased 

the G551D-CFTR current to 53%, 66% or 25% of the WT, respectively (Fig. 5a and b). 

Similar values were obtained for ABBV-974 and apigenin (Fig. 5a and b).

Chronic exposure to potentiators can attenuate the biogenesis and stability of some CFTR 

mutants, which results in decreased channel-activity [17, 25] and this effect is both mutation 

and potentiator specific [13]. In case of G551D-CFTR, however, chronic exposure to 

potentiator combinations did not decrease the maximal channel current (Fig. 5c). This 

allowed the determination of the fractional PM activity of G551D, which was increased 

from 6% or 7% of the WT with VX-770 or ABBV-974 mono-therapy to 56%, 70%, 26% 

and 51% upon dual potentiator treatment with VX-770+apigenin, VX-770+bDMC, 

VX-770+P7, and ABBV-974+apigenin, respectively.

Similar to G551D and consistent with the results from combinatorial profiling, combining 

VX-770 or ABBV-974 with apigenin, A15 or bDMC significantly increased the Isc of 

phosphorylated R352Q, S549R, S549N, G1244E and S1251N-CFTR (Fig. 5e and 

Supplementary Fig. 5a). Chronic exposure to these potentiator combinations, with the 

exception of VX-770+A15 in S549N, S549R and S1251N, did not attenuate the maximal 

channel current (Supplementary Fig. 5b). The maximal fractional PM activity was 71% of 

the WT current for R352Q, 72% for S549N, >100% for S549R and 69% for G1244E (Fig. 

5f). Interestingly, S1251N which responded synergistically to potentiator combinations in 

rectal organoids [11], exhibited a fractional PM activity of ~80% of WT after single 

potentiator therapy with VX-770 or ABBV-974 and second potentiator addition led to only a 

small but significant increase to the WT-level (Fig. 5f).

Interdependence of the potentiator binding/activity was tested in G551D- and S549N-CFTR. 

Changing the order of VX-770 and apigenin addition neither influenced their combined 

efficacy, nor the VX-770 potency was altered by the presence of the second potentiator (Fig. 

5g and Supplementary Fig. 5c). These results suggest that the two potentiators act on 

independent, rather than allosterically coupled, binding sites.

Functional correction of CFTR gating defects in human nasal epithelia by potentiator 
combinations

To confirm the efficacy of potentiator combinations in patient-derived cells, CFTR function 

was monitored in human nasal epithelia (HNE), which were amplified by the conditional 

reprogramming (CR) technique [31] and characterized by key markers of differentiated 

epithelia [13] (Supplementary Fig. 6a). HNE were isolated from three CF patients with the 

G551D mutation on at least one allele, one CF patient with S549R/F508del genotype and 

five healthy non-CF donors. The CFTR mRNA levels of patient HNE were similar to the 

WT, with the exception of the compound heterozygote with G551D/Y1092X genotype 

(Supplementary Fig. 6b), probably due to the reduction of Y1092X mRNA by nonsense-

mediated decay [32]. VX-770 increased the forskolin-activated Isc to ~25% relative to that of 

WT-CFTR in cells with one copy of G551D and ~50% in cells with G551D on both alleles 

(Fig. 6a, b and Supplementary Fig. 6c). As reported previously [33], ABBV-974 exhibited 

significantly increased efficacy for G551D-CFTR potentiation (Fig. 6b and Supplementary 

Fig. 6c), albeit with 7-fold lower potency (EC50 ~300 nM) in comparison to VX-770 (EC50 
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~40 nM, Supplementary Fig. 6e and f). Dual potentiator treatment by VX-770+C111, 

VX-770+apigenin or ABBV-974+apigenin increased the G511D-CFTR Isc to 140%, 186% 

and 228%, respectively, of VX-770 mono-therapy (Fig. 6d), without reducing the maximal 

CFTR current upon chronic exposure (Fig. 6c and Supplementary Fig. 6d). Prolonged 

exposure to some potentiator combinations increased their efficacy (Fig. 6c and 

Supplementary Fig. 6d), possibly because of their slow intracellular compound accumulation 

[25].

Similar results were obtained for S549R/F508del HNE, which were additively potentiated 

by VX-770+apigenin, VX-770+C111 and ABBV974+C111 combinations, but due to the 

partial folding defect of S549R, reached only ~30% of the WT current (Fig. 6e and f). 

Chronic exposure to the potentiator combinations in these HNE resulted in an attenuated 

maximal CFTR current (Fig. 6g), possibly due to the partial downregulation of F508del-

CFTR [17, 25]. In contrast, the phosphorylated channels in homozygous F508del-CFTR 

human bronchial epithelia did not respond to potentiator combinations (Supplementary Fig. 

7), in agreement with the WT-like fractional PM activity of VX-809 corrected and genistein 

potentiated F508del-CFTR [22].

Discussion

Despite the success of potentiator therapy for G551D-CFTR [3] and other gating mutants, 

the G551D channel function is only partially normalized by VX-770 [5, 6] and adult G551D 

patients still experience progressive loss of their lung function [34, 35] and P. aeruginosa 
infection albeit at reduced frequency [36]. As a strategy to increase the anion secretion, 

combination of potentiators has been used for some gating mutants [7–12], without a 

rational for mutant selection. Our results suggest that gating mutants, with a reduced 

fractional PM activity after mono-potentiator therapy, are more responsive to dual-

potentiator treatment. Six (R352Q, S549N, S549R, G551D, G1244E, S1251N) out of twelve 

gating mutants, for which VX-770 has been approved, exhibited lower fractional PM activity 

than the WT and were susceptible to potentiator combinations. In contrast, mutants with 

WT-like fractional PM activity (R347H and F508del) did not respond to second potentiator 

treatment. A similar phenomenon was observed for R334W, a mutation that likely impairs 

ion conductance [20] manifesting in severe fractional PM activity defect.

Curcumin and genistein have been proposed to additively potentiate G551D and S1251N-

CFTR [11, 12], but results from a recent clinical study showed low efficacy of this 

potentiator combination in S1251N patients [37] probably due to the low potency and 

bioavailability of the compounds [38, 39]. As a first step to improve potentiator combination 

therapy, we identified analogs of both curcumin and genistein which exhibit in the presence 

of VX-770 a ~10-fold and 2-fold higher potency, respectively. These compounds were 

included in the established CFTR potentiator panel that was used for the initial screen. 

Combinatorial profiling of the most efficacious potentiators at near saturating concentrations 

for channel activation and clustering analysis identified at least two mechanistically distinct 

groups of potentiator compounds, conceivably having distinct binding sites. The different 

mechanisms of potentiators in both clusters could be related to three-step process that leads 

to CFTR activation.
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First, the PKA-dependent phosphorylation of the regulatory domain (RD) of CFTR is 

required to suspend the pore blockage [40, 41]. However, the marginally altered phospho-

occupancies of forskolin-treated S549N- and G551D-CFTR show that this step is not 

influenced by mono- or dual potentiator exposure. Second, RD removal permits the ATP-

dependent heterodimerization of the nucleotide-binding domains 1 and 2 (NBD1-NBD2) 

[40, 41]. Genistein and its analog apigenin, which is present in the second cluster of 

potentiators, is presumed to bind to the NBD1-NBD2 interface and likely promote 

dimerization [42]. Third, NBD1-NBD2 interface formation initiates the mechanochemical 

coupling of CFTR pore opening [41]. VX-770 and ABBV-974 are both in the first cluster of 

potentiators and act competitively [26, 28]. They bind to the same binding site in the 

transmembrane domains of CFTR [5, 27, 28] and facilitate gating in an ATP-independent 

manner [5, 29] by directly influencing pore opening. Curcumin potentiates CFTR in the 

absence of ATP and the NBD2 domain [43], and is able to cross-link CFTR channels, 

however, cyclic derivatives of curcumin that have no cross-linking activity are still acting as 

potentiators [44].

The distinct mechanism of potentiators in both clusters is further supported by their additive 

effect on mutant Isc, which was absent when using combinations of compounds from the 

same cluster. Combination of VX-770 or ABBV-974 with apigenin, bDMC or A15 was 

necessary and sufficient to increase the R352Q, S549N, S549R, G551D, G1244E and 

S1251N fractional PM activity to ≥70% of the WT. Measurement of single G551D-CFTR 

channel in phospholipid bilayer suggests that potentiator combinations act by directly 

binding to and promoting the open probability of CFTR. We failed to detect a beneficial 

effect of a third potentiator on CFTR activity in HNE from patients with one or two G551D 

alleles. Dual potentiator treatment increased the CFTR function in HNE from compound 

heterozygous G551D patients to ≥60% and in homozygous G551D patients to ~100% of the 

WT channel function, values that are deemed sufficient to alleviate clinical CF symptoms.

In summary, we present a framework for the identification of CFTR mutants that benefit 

from dual potentiator treatment and a precision medicine approach for the identification of 

optimized potentiator combinations to improve the efficacy of VX-770 therapy. 

Extrapolating our results suggests that at least half of the more than 10% of CF patients for 

which VX-770 mono-therapy has been approved could benefit from the development of a 

dual potentiator treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• A subset of gating mutants are only partially potentiated by VX-770 

(Ivacaftor).

• These mutant activities are increased by rationally selected dual potentiators.

• Dual potentiators conferred WT-like G551D-CFTR function in human nasal 

epithelia.
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Fig. 1. 
Incomplete correction of mutant CFTR gating defect by VX-770. (a) PM density of CFTR 

mutants alone and after VX-809 (3 μM, 24 hours) treatment, expressed as the percentage of 

WT-CFTR in CFBE cells (n = 3−4). (b) Mutant CFTR short-circuit current (Isc) after 

sequential acute addition of 20 μM forskolin (Fsk) and 14.444 μM VX-770 in CFBE with or 

without VX-809 treatment (n = 3) expressed as percentage of the WT-CFTR function. 

Measurements were performed in the presence of a basolateral-to-apical chloride gradient 

after basolateral permeabilization with amphotericin B (100 μM) and inhibition of the 

epithelial sodium channel ENaC with amiloride (100 μM). (c) The fractional PM activity, 

calculated as the ratio of Isc (from panel b) and PM density (panel a) normalized to WT, of 

CFTR mutants as a factor of potentiation with VX-770 and correction with VX-809. Data 

are means ± SEM of the indicated number (n) of independent experiments. * P < 0.05, ** P 
< 0.01, *** P < 0.001 by unpaired, two-tailed Student’s t-test.
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Fig. 2. 
Potency and efficacy of potentiators for mutant CFTRs. (a) Representative traces of G551D-

CFTR function assayed by halide-sensitive YFP quenching in CFBE cells treated with 

increasing concentrations of VX-770. The YFP quenching kinetics was determined in 

response to extracellular iodide addition in the presence of forskolin (10 μM), IBMX (250 

μM), cpt-cAMP (250 μM), and indicated potentiator concentrations. (b) Dose-response of 

indicated potentiators for the R334W, R347H, S549N, S549R, G551D, G1244E potentiation 

measured by halide-sensitive YFP quenching assay in CFBE (n = 3−4). Values are expressed 

as percentage of the response to 3 μM VX-770 of the respective mutants. Data are means ± 

SEM of the indicated number of independent experiments.
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Fig. 3. 
Combinatorial screen, combinatorial profiling and clustering of mechanistic classes of 

potentiators for G551D-, S549N-, S549R-, and G1244E-CFTR. (a) Heat map of the effect of 

potentiator combinations (combinatorial screen) on the PKA-activated channel function of 

the indicated mutants expressed in CFBE (n = 3−4). (b) Heat map of the combinatorial 

profiling established by calculating the dual potentiator effect in relation to the theoretical 

additivity of the compounds. Combinatorial profiles were subsequently used to cluster 

compounds. Clustering was performed by average linkage analysis and the distance 

determined by Spearman`s rank correlation. The underlying data are depicted as bar plots in 

Supplementary Fig. 3b–e. A-974 - ABBV-974, Apig. - apigenin.
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Fig. 4. 
Dual potentiator treatment increases the single-channel function of G551D-CFTR without 

substantially altering the phospho-occupancy. (a, b) The effect of 3μM VX-770 (n = 19) or 

VX-770 + 50μM apigenin (n = 18) on the function of protein kinase A–activated G551D-

CFTR reconstituted into an artificial phospholipid bilayer. The Po of protein kinase A–

activated WT-(n = 13) and G551D-CFTR were analyzed at 28–30°C. Significance between 

the VX-770 and VX-770+apigenin treated channel Po was calculated by two-sided Mann-

Whitney U test (**P < 0.01, b). Representative traces (c - closed, o - open state) are shown 

in a. (c, d) In vivo phospho-occupancy of the PKA consensus sites in G551D-CFTR 

expressed in CFBE cells was determined by EThcD-MS/MS. Relative phosphorylation (%) 

of PKA consensus sites in G551D-CFTR upon DMSO or forskolin (20μM, 5 min) treatment 

(c), forskolin alone and VX-770 (3μM, 5 min) or VX-770 + genistein (Gen, 50μM, 5 min) in 

the presence of forskolin (d). Data are means ± SEM of at least three independent 

experiments. * P < 0.05, ** P < 0.01, *** P < 0.001 by unpaired, two-tailed Student’s t-test.
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Fig. 5. 
Potentiator combinations rescue the function of CFTR gating mutants in CFBE cells. (a) 

The effect of the indicated single potentiators or potentiator combinations on the Isc of 

G551D-CFTR. Isc was measured in presence of a basolateral-to-apical chloride gradient 

after basolateral permeabilization with amphotericin B (100 μM) and inhibition of the 

epithelial sodium channel ENaC with 100 μM amiloride. (b) Effect of acute addition of 

forskolin (20 μM) followed by VX-770 (10 μM) or ABBV-974 (10 μM) and apigenin (50 

μM), bDMC (10 μM) or P7 (50 μM) as percent of forskolin-activated WT-CFTR (n = 3). (c) 

Comparison between the acute and chronic (24 hours, VX-770 – 3 μM, ABBV-974 – 3 μM, 
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bDMC - 10 μM, apigenin and P7 – 50 μM) potentiator effect on the acute forskolin-

stimulated G551D Isc (n = 3). (d) The fractional PM activity of G551D after forskolin-

stimulation alone or in combination with single or dual potentiator treatment expressed as 

percentage of WT (n = 3). (e) Effect of acute addition of forskolin (20 μM) followed by 

VX-770 (10 μM) or ABBV-974 (10 μM) and subsequent apigenin (50 μM), bDMC (10 μM) 

or A15 (50 μM) on the Isc of R352Q, S549R, S549N, G1244E and S1251N expressed as 

percentage of WT-CFTR function (n = 3). (f) Fractional PM activity of R352Q, S549R, 

S549N, G1244E and S1251N-CFTR upon forskolin alone or in combination with single or 

dual potentiator treatment, expressed as percentage of WT (n = 3). (g) Effect of order-of-

addition on the efficacy of G551D potentiation (10 μM VX-770, 50 μM apigenin) (left 

panel, n = 3) and potency of VX-770 in the presence or absence of apigenin (50 μM) (right 

panel, n = 3). Data in b–g are means ± SEM of the indicated number of independent 

experiments. * P < 0.05, ** P < 0.01, *** P < 0.001 by unpaired, two-tailed Student’s t-test.
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Fig. 6. 
Dual potentiator-mediated rescue of G551D- and S549R-CFTR function in human nasal 

epithelia (HNE). (a) Effect of indicated potentiator combinations on the Isc of HNE with 

CFTRG551D/Y1092X genotype. (b) Quantification of the forskolin-(Fsk) and potentiator-

stimulated currents (ΔIsc) in HNE with CFTRG551D/Y1092X expressed as percentage of WT-

CFTR currents in HNE from five donors. Isc was measured in presence of a basolateral-to-

apical chloride gradient. After ENaC inhibition, HNE were exposed to Fsk (20 μM), 

increasing concentrations of VX-770 or ABBV-974, followed by apigenin (50 μM), C111 

(10 μM) or P7 (50 μM). (c) Comparison between the acute and chronic potentiator effect (24 
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hours, VX-770 and ABBV-974 – 1 μM, bDMC - 10 μM, apigenin and P7 – 50 μM) on the 

Isc of forskolin-stimulated CFTRG551D/Y1092X HNE. (d) Effect of potentiator combinations 

on the forskolin-stimulated Isc in HNE from three patients, homo- or heterozygous for the 

G551D mutation, expressed as percentage of VX-770 induced currents. (e–g) Representative 

traces (e), effect of acute potentiator combinations (f), and chronic potentiator exposure (g) 

of the forskolin-stimulated Isc of HNE with CFTRS549R/F508del genotype. Data in b–c and f–

g are values from individual filters; solid lines indicate means ± SEM. Data in d are mean 

values from HNE of three CF patients; solid lines indicate means ± SEM. ns, not significant, 

* P < 0.05, ** P < 0.01, *** P < 0.001 by unpaired (b–c and f–g) or paired (d), two-tailed 

Student’s t-test.
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