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Abstract

Trikafta, the combination of elexacaftor (VX-445), tezacaftor (VX-661) and ivacaftor (VX-770), 

was approved for therapy of cystic fibrosis (CF) patients with at least one allele of the 

CFTR mutation F508del. While the corrector function of VX-445 is well established, here we 

investigated the putative potentiator activity of VX-445 alone and in combination with VX-770. 

Acute addition of VX-445 increased the VX-770-potentiated F508del- and G551D-CFTR current 

by ~24% and >70%, respectively, in human bronchial and nasal epithelia. Combinatorial 

profiling and cluster analysis of G551D- and G1244E-CFTR channel activation to potentiator 

pairs indicated a distinct VX-445 mechanism of action that is, at least, additive to previously 

identified potentiator classes, including the VX-770. Since VX-770 only partially normalizes the 

G551D-CFTR channel function and adult G551D patients still experience progressive loss of lung 

function, VX-445+VX-770 combination therapy could provide clinical benefit to CF patients with 

the G551D and other dual potentiator responsive mutants.

1. Introduction

Cystic fibrosis (CF) is caused by loss-of-function mutations in the CF transmembrane 

conductance regulator (CFTR) gene, which lead to multiorgan pathology with lung disease 

being responsible for the majority of morbidity and mortality in CF [1]. More than 2000 

mutations with varying disease liability have been identified that can be classified according 
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to their cellular phenotype into expression (class I), folding (class II), gating (class III), 

conductance (class IV), quantity (class V), peripheral stability defect (class VI) associated 

mutants or combinations thereof [2].

The recent introduction of highly effective modulator therapy resulted in unprecedented 

clinical benefit for most CF patients. Many class III mutants, present in ~10% of CF patients 

on at least one allele, respond to treatment with the gating potentiator ivacaftor (VX-770), 

the first and so far only approved drug in this CFTR modulator class [3]. F508del-CFTR, 

the most common class II mutations present in ~80% of CF patients on at least one allele, 

and possibly other folding mutants are highly corrected by Trikafta, the combination of the 

correctors tezacaftor (VX-661) + elexacaftor (VX-445) and VX-770 [4–6].

Mechanistic understanding of the CFTR modulator effect can guide the combination of 

modulators and rationalize the implementation of modulator therapy for rare mutants 

[2,7]. Initial mechanistic studies revealed that VX-445 binds to and partially suppresses 

the unfolding of the isolated F508del nucleotide binding domain 1 (NBD1) of CFTR, 

consistent with a type III corrector mechanism [6]. Thus VX-445 in combination with type 

I or II correctors that target the NBD1-membrane spanning domains (MSDs) and NBD2 

interfaces [8] synergistically restored F508del-CFTR processing and functional expression 

[6]. While the current report was in preparation, Laselva et al. [9] reported that the VX-445 

has potentiator activity on class II CF mutations. In the current study, we focused our 

investigation to interrogate the utility and efficacy of VX-445 as a novel co-potentiator 

not only for F508del but also class III gating mutants. The additive potentiation ability of 

VX-445 with VX-770 of class III mutants provides a new therapeutic possibility for CF 

patients carrying VX-770 resistant or poorly responding CF mutations.

2. Material and Methods

Genotyping confirmed human nasal epithelia (HNE) carrying G551D-CFTR mutations 

were a kind gift from W. Finkbeiner (University of California, San Francisco) or were 

purchased from the Cystic Fibrosis Canada-Sick Kids Program in Individual CF Therapy 

[10]. Genotyping confirmed homozygous F508del-CFTR human bronchial epithelia (HBE) 

were purchased from the Cystic Fibrosis Translational Research center (CFTRc) at McGill 

University.

HNE were conditionally reprogrammed, expanded and differentiated on filter supports as 

described previously [11]. The generation and culture of CFBE41o- (CFBE) cell lines 

harboring the inducible expression of CFTR mutants and CFTR copy number determination 

by qPCR have been described [7,12]. PM density determination [12], short-circuit current 

(Isc) measurements [7] and the halide-sensitive YFP quenching assay [7] were performed 

as described previously. Isc measurements were performed in presence of 100 μM amiloride 

and the trans-epithelial resistance for CFBE, HBE and HNE was 1024 ± 94 (n = 6), 505 ± 46 

(n = 3) and 837 ± 295 (n = 3) Ω*cm2, respectively. The fractional PM activity, an estimate of 

the mean channel open probability relative to that of the WT, was measured by determining 

mutants CFTRs forskolin-activated Isc normalized for their cell surface density as described 

previously [11] and is independent of the CFTR mRNA expression level.
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3. Results

To assess the biochemical and functional correction of F508del-CFTR by VX-661+VX-445 

in relation to that of the WT-CFTR, the corrected F508del plasma membrane (PM) density 

and function were determined by PM ELISA and short-circuit current (Isc) measurement, 

respectively. In the CFBE41o-bronchial epithelial cells, the mRNA normalized F508del

CFTR PM density and function after VX-661+VX-445 correction attained ~45% and 

~90% of the WT level, respectively (figure 1a). The functional correction was monitored 

upon acute forskolin and VX-770 addition. The fractional PM activity, an estimate of 

the mean channel open probability relative to that of the WT, reached ~200% (figure 

1a). To test whether the hyperactivation of the mutant fractional PM activity was due 

to the potentiator activity of VX-445, the forskolin activated Isc of VX-661-corrected 

F508del-CFTR was determined upon consecutive acute addition of VX-770 and VX-445. 

As expected VX-770 increased the activity of phosphorylated F508del-CFTR. The VX-770

potentiated F508del current was further increased by ~45% upon acute VX-445 addition 

(figure 1b). Interestingly, when administered on its own, the VX-445-mediated potentiation 

was significantly reduced, which may indicate that the VX-770-mediated conformational 

change of F508del-CFTR is permissive for the VX-445 potentiator activity and VX-445 acts 

as co-potentiator for VX-770 (figure 1b). In differentiated human bronchial epithelia (HBE), 

derived from F508del-CFTR homozygous patients, acute addition of VX-445 increased 

the activated and VX-770-potentiated Isc by 24%, which represents ~50% additional 

enhancement of the potentiator elicited Isc (figure 1c). These results are in agreement with 

the VX-445 activity as single potentiator for F508del and some rare folding mutants [9].

We next investigated whether CFTR gating mutants are responsive to VX-445. We choose 

G551D- and G1244E-CFTR mutants with an allelic frequency of 2,1% and 0.075% (CFTR2 

project: http://cftr2.org), respectively, which display severe gating but not processing defects 

and can only be partially corrected by VX-770 [13,14]. In the presence of saturating VX-770 

concentration, VX-445 increased the G551D-CFTR channel activity with an EC50 = 1.12 

± 0.08 nM (figure 1d), i.e. at a >100 fold lower concentration than its EC50 = 280 nM for 

F508del-CFTR corrector activity [6]. This observation is consistent with the possibility that 

VX-445 potentiator activity is mediated by a distinct binding site from that of the VX-770, 

identified by using cryo-EM microscopy on the WT CFTR [15]. VX-445 alone potentiated 

both G551D-and G1244E-CFTR and further increased the channel activity in combination 

with other investigational and preclinical potentiators (figure 1e).

To gain insight if VX-445 has a similar mechanism or exhibits and overlapping 

binding site with previously identified potentiator classes [13,14], combinatorial profiling 

was performed. VX-770 and ABBV-974, a potentiator under development by AbbVie, 

belong to the same potentiator class (figure 1e) [13]. The investigational potentiators 

bis-demethoxycurcumin and apigenin form a second cluster, as reported (figure 1e) [13]. 

VX-445 exhibited additivity or synergy with all other tested potentiators, suggesting a 

distinct mechanism of action (figure 1e). To confirm the VX-445 potentiator efficacy in 

patient-derived cells, human nasal epithelia (HNE) were isolated from three CF patients with 

the G551D mutation on at least one allele and differentiated as described [13]. Y1092X

CFTR, the mutant on the second allele of one patient, prevents detectable protein expression 
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[11]. F508del, the mutant on the second allele of another patient, likely contributes < 5% 

to the maximal current in absence of correctors [7]. Acute VX-445 addition increased the 

phosphorylated and VX-770-potentiated G551D-CFTR current by ~70–85% in these HNE 

cells (figure 1f). Similar to F508del-CFTR, the presence of VX-770 was a permissive factor 

for the VX-445-mediated potentiation of G551D-CFTR (figure 1f).

4. Discussion

Several longitudinal studies report that the perpetual lung function decline is attenuated, 

but not prevented by VX-770 therapy in patients carrying the G551D mutation [16–18]. 

Since VX-770 could achieve only partial restoration of the gating activity for several 

gating mutants, including the G551D, we speculated that about half of the CF population 

with missense mutations approved for VX-770 (ivacaftor) treatment could benefit from 

the development of dual potentiator therapy [13]. Here we report that VX-445 acts as 

a co-potentiator, at least additively with VX-770, for the F508del-CFTR and two gating 

mutants, thus increases the functional correction efficacy. These results advocate for 

the rapid introduction of VX-770+VX-445 combination therapy for patients with dual 

potentiator-responsive gating mutants. Our data also suggests that the high F508del-CFTR 

functional correction efficacy of Trikafta is in part due to the potentiator action of VX-445. 

By inference, compounds exhibiting improved pharmaco-chaperone [7] or amplifier activity 

[19] could further increase the F508del channels copy number at the PM available for 

potentiation. Therefore, investments into the development of CFTR correctors could provide 

further benefit to low-responding CF patients, bearing F508del-CFTR or rare folding 

mutants that are modestly corrected by Trikafta administration.
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Highlights:

• Acute treatment withVX-445 (elexacaftor) potentiates F508del and some 

gating mutants.

• The mechanism of VX-445 is distinct from that of other potentiators, 

including VX-770.

• VX-445 acts as co-potentiator, additive with VX-770, for F508del- and 

G551D-CFTR.

Veit et al. Page 6

J Cyst Fibros. Author manuscript; available in PMC 2022 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. VX-445 (elexacaftor) potentiates the activity of F508del and gating mutants.
A) Fractional PM activity of VX-661+VX-445 corrected (3 μM VX-661, 2 μM VX-445, 

24 hours, 37°C) F508del-CFTR calculated from PM density (left, n = 6 independent 

experiments) and short-circuit current (Isc, middle, n = 5 independent experiments) 

expressed as percentage of WT-CFTR expressing CFBE. Isc was measured after sequential 

addition of 20 μM forskolin and 10 μM VX-770, followed by CFTR inhibition with 20 μM 

CFTRinh-172. The fractional PM activity (right) was calculated as the ratio of PM density 

and Isc, and normalized to WT. Data are means ± SD. B) Representative traces (left) of the 

Isc of VX-661 corrected (3 μM, 24 hours, 37°C) F508del in CFBE activated with forskolin 

(Fsk, 20 μM) and potentiated with VX-770 (10 μM) followed by VX-445 (2 μM) or in 

reverse order. At the end of the experiment CFTR was inhibited with CFTRinh-172 (20 μM). 
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Quantification of the Isc (right, n = 3 independent experiments) shows the contribution of 

Fsk, VX-770 and VX-445 to the maximal current, depending on the order of potentiator 

addition. Data are means ± SD, *P < 0.05, **P < 0.01, ***P<0.001 by unpaired, two-tailed 

Student’s t-test. C) Representative traces (left) and quantification of the Isc (right) in HBE 

isolated from 3 patients homozygous for F508del-CFTR which were corrected with VX-661 

(3 μM, 24 hours, 37°C), expressed as percentage of VX-770 induced currents. F508del 

was activated with forskolin (Fsk, 20 μM) and potentiated with VX-770 (10 μM) and 

VX-445 (2 μM) followed by inhibition with CFTRinh-172 (20 μM). Data are means ± SD, 

*P < 0.05, ***P<0.001 by unpaired, two-tailed Student’s t-test. D) Representative traces 

(insert) and dose-response of VX-445 for the phosphorylated G551D-CFTR potentiation in 

presence of 3 μM VX-770, measured by halide-sensitive YFP quenching assay in CFBE 

cells (n = 3 independent experiments). Values are expressed as percentage of the response 

to 3 μM VX-770. E) Combinatorial profiling and clustering of mechanistic classes of 

potentiators for G551D-CFTR (top) or G1244E-CFTR (bottom) in CFBE cells. Heat map 

of the combinatorial profiling was established by calculating the dual potentiator effect in 

relation to their theoretical additivity, determined by the halide sensitive YFP quenching 

assay (n = 3–5 independent experiments). Combinatorial profiles were subsequently used 

to cluster compounds. Clustering was performed by average linkage analysis followed by 

Euclidean distance determination. F) Representative traces (left) and quantification (right) of 

the effect of VX-770 (1 μM or 10 μM) and VX-445 (2 μM) on the forskolin-stimulated Isc in 

HNE from three patients, homozygous or heterozygous for the G551D mutation, expressed 

as percentage of 10 μM VX-770 induced currents. Data are means ± SD, *P < 0.05, **P < 

0.01, ***P<0.001 by unpaired, two-tailed Student’s t-test.
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