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Abstract

Trikafta, currently the leading therapeutic in Cystic Fibrosis (CF), has demonstrated a real
clinical benefit. This treatment is the triple combination therapy of two folding correctors
elexacaftor/tezacaftor (VX445/VX661) plus the gating potentiator ivacaftor (VX770). In this
study, our aim was to compare the properties of F508del-CFTR in cells treated with either
lumacaftor (VX809), tezacaftor, elexacaftor, elexacaftor/tezacaftor with or without ivacaftor. We
studied F508del-CFTR function, maturation and membrane localization by Ussing chamber and
whole-cell patch clamp recordings, Western blot and immunolocalization experiments. With
human primary airway epithelial cells and the cell lines CFBE and BHK expressing F508del, we
found that, whereas the combination elexacaftor/tezacaftor/ivacaftor was efficient in rescuing
F508del-CFTR abnormal maturation, apical membrane location and function, the presence of
ivacaftor limits these effects. The basal F508del-CFTR short-circuit current was significantly
increased by elexacaftor/tezacaftor/ivacaftor and elexacaftor/tezacaftor compared to other
correctors and non-treated cells, an effect dependent on ivacaftor and cAMP. These results
suggest that the level of the basal F508del-CFTR current might be a marker for correction
efficacy in CF cells. When cells were treated with ivacaftor combined to any correctors, the
F508del-CFTR current was unresponsive to the subsequently acute addition of ivacaftor unlike
the CFTR potentiators genistein and Cact-Al which increased elexacaftor/tezacaftor/ivacaftor
and elexacaftor/tezacaftor-corrected F508del-CFTR currents. These findings show that ivacaftor
reduces the correction efficacy of Trikafta. Thus, combining elexacaftor/tezacaftor with a

different potentiator might improve the therapeutic efficacy for treating CF patients.



Introduction

Cystic fibrosis (CF; MIM#219700), one of the most common, lethal and autosomal recessive
disease is caused by mutations in the CFTR gene (MIM#602421) encoding the anion channel
CFTR (Cystic Fibrosis Transmembrane Conductance Regulator). CFTR is a key player in
transepithelial fluid secretion [1]. A defect in its expression, apical location or function, results
in CF to a multisystem pathology with severe pulmonary (accumulation of thick, sticky mucus in
the bronchi of the lungs) and digestive impairments (loss of exocrine pancreatic function,
impaired intestinal absorption) [1]. The most common CF mutation, a deletion of phenylalanine
at position 508 (F508del), is a class-2 mutation exhibiting inefficient maturation and reduced
plasma membrane expression of the protein [2-4]. F508del-CFTR also exhibits a gating defect
[5], a reduced stability at the plasma membrane [6,7] and thermal instability at physiological
temperature [8,9]. This mutation is present in about 85% and 81% of the individuals in the US
[10] and in Europe [11] respectively. Overall, CF affects over 31,000 people in the US [10] and
almost 50,000 people in 38 European countries [11].

It is now agreed that these F508del-defects cannot be addressed by a classical
monotherapy but by combination of modulators addressing single defects (i.e. correctors and
potentiators acting respectively on protein maturation/folding and channel function) [12, 13].
Applying single F508del-corrector such as VX809 (lumacaftor) [14] or VX661 (tezacaftor) has
little efficiency, while combining them to the gating potentiator VX770 (ivacaftor) [15-17]
leading respectively to the marketed medicaments Orkambi™ and Symdeko™, improve function
despite a modest clinical benefit [18-21] possibly due to interference between corrector and

potentiator compounds [22-24].



To overcome the limited efficacy of first-generation correctors, novel second-generation
correctors were further developed (Table 1). This strategy gave birth to the triple combination
elexacaftor/tezacaftor/ivacaftor (Trikafta™ in USA/Kaftrio™ in EU) approved for treatment of
CF patients aged 12 years and older with at least one F508del mutation in the CFTR protein [25-
27]. Phase 3 clinical trials with Trikafta were conclusive, describing a better gain in lung
functions (augmented percent predicted forced expiratory in 1 second or ppFEV and reduction in
lung exacerbation) as compared to Orkambi and Symdeko (Table 1) and improvement in the
quality of life of patients [25-27]. Moreover, Trikafta was also effective on rare misfolding
mutants of CFTR such as S13F, R31C, G85E, E92K, V520F, M1101K and N1303K [28, 29].
This suggests that Trikafta/Kaftrio might be prescribed to CF patients with at least one copy of
the CFTR gene with one class 2 misfolding mutation.

Because few reports are available dissecting the functional recovery of F508del by
Trikafta in airway epithelial cells, our aim was here to study and compare in more detail the
effects of the components of Trikafta with or without ivacaftor on the function, maturation and

pharmacological properties of F508del-CFTR in human airway epithelial cells.

Materials and Methods

Cell culture

Human airway epithelial (HAE) cells were obtained from the department of thoracic surgery and
lung transplantation of the Foch hospital (Suresnes, France) from explanted CF lungs at the time
of patient's transplantation [30]. Human tissues from three F508del/F508del donors were
collected and used according to the French law, with the informed consent of patients and

through the authorization of Biological Collection n°DC-2012-1583 obtained from the French



Ministry of Higher Education and Research, and with the approval n°21-775 of IRB 00003888.
Airways were dissected and epithelial cells obtained after overnight enzymatic dissociation using
0.5 mg/ml pronase E (Sigma Aldrich, USA). Primary HAE cells were seeded on type IV
collagen-coated dishes and cultured in Pneumacult” -Ex medium (StemCell Technologies,
France) supplemented with tobramycin (80 pg.mL™), ceftazidime (100 ug.mL™), vancomycin
(100 pg.mL™), amphotericin B (0.25 pg.mL™), penicillin (100 units. mL™) and streptomycin
(100 pg.mL™) (Sigma Aldrich, USA).

The human bronchial epithelial cell lines non-CF (CFBE41o” WT-CFTR cells) and CF
(CFBE41o F508del-CFTR cells), provided by Dr. D. Gruenert (Univ. California San Francisco,
USA), were grown at 37°C in 5% CO, - 95% air and media were replaced every 2 days [30].
These cell lines were grown in Eagle’s Minimum Essential Medium (EMEM) containing non-
essential amino acids (Gibco, USA) supplemented with 10 % fetal bovine serum (FBS) (Eurobio,
France), 2 mM L-glutamine, 50 units.mL™, penicillin, 50 pg.mL™ of streptomycin (Sigma
Aldrich, USA) and were selected using 5 pg.mL™ puromycin (Gibco, USA). F508del-CFTR
proteins were restored to the plasma membrane by incubating cells with various combinations of
VX445, VX661, VX809, VX770 (see text for details) during 24h, prior to experiments.

The Baby Hamster Kidney (BHK) cell line was cultured in DMEM/F12 medium
supplemented with 5% FBS and 1% Penicillin/Streptomycin. To study F508del-CFTR chloride
currents by patch clamp and protein maturation by Western blot, BHK were stably transfected
with pNUT-F508del- or wild-type-CFTR plasmids using JetPel reagent (Polyplus, Illkirch,
France) according to the manufacturer’s instructions. Clones were selected by addition of

methotrexate (500 uM) and CFTR expression validated by immunoblotting.



Modulator treatment

F508del-CFTR expressing cells used in the present study were treated by modulators 24h prior to
the experiments. The following modulators (Fig.S1A) were used: VX809 (lumacaftor, 3 M),
VX661 (tezacaftor, 18 uM), VX445 (elexacaftor, 3 uM), VX809/V X770 (Orkambi, 3 uM and 1
MM, respectively), VX661/V X770 (Symdeko, 18 uM and 1 pM, respectively), VX445/VV X661 (3
MM and 18 pM, respectively) and Trikafta composed of VX661 (18 uM) plus VX445 (3 puM)
plus VX770 (1 uM). In our study, we selected the concentrations used by Keating et al. [25]
describing the in vitro effect of these compounds on CF airway epithelial cells; VX661 at the
concentration of 18 pM, VX445 at 3 uM and VX770 at 1 pM. In some experiments we also used

VX809 (3 uM) instead of VX661 in the triple combination of VX809/V X445/ X770.

Short-circuit current measurements

HAE cells from distinct F508del/F508del donors were seeded at a density of 0.1x10° cells on
type IV collagen-coated Snapwell permeable inserts (Corning Corp., USA) as described [30].
They were cultured in liquid/liquid conditions in Pneumacult™-Ex medium for 5-7 days until
confluence was reached and then at air/liquid interface for 21 to 28 days. The culture medium
was composed of 1:1 DMEM/F12 (Gibco, USA) and BEGM (Lonza, Switzerland) with the
Lonza supplements for hEGF, epinephrine, BPE, hydrocortisone, insulin, triiodothyronine and
transferrin. The culture medium was finally supplemented with 50 units.mL™ penicillin (Sigma
Aldrich), 50 pg.mL™ streptomycin (Sigma Aldrich, USA), 0.1 nM retinoic acid (Sigma Aldrich)
and 1.5 pg.mL™ bovine serum albumin (Sigma Aldrich, USA). The CFBE epithelial cells were

seeded at a density of 0.5x10° cells on Snapwell permeable inserts (Corning Corp., USA) coated



with 5 pug.cm™ human fibronectin (Sigma Aldrich, USA) as described in [30]. After 2 days at
liquid/liquid interface, cells were cultured at air/liquid interface. The transepithelial resistance of
our HAE cultures and CFBE F508del reached a minimum of ~1100-1900 Q.cm™ and ~400-500
Q.cm’, respectively, as measured with a Millicell-ERS voltmeter-ohmmeter (Merck Millipore,
USA) the day of Ussing experiment.

Inserts containing pseudo-epithelia were then mounted in an EM-CSYS-6 non-perfused
Ussing chamber system (Physiologic Instruments Inc., USA) composed of two hemi-chambers,
each containing a different solution. Asymmetric solutions were used, creating a basal to apical
CI’ gradient to enhance CI" currents detection. Their compositions were (in mM): 1.2 NaCl, 115
Na-Gluconate, 25 NaHCO3, 1.2 MgCl,, 4 CaCl,, 2.4 KH,PO,, 1.24 K;HPO,4, 10 mannitol (pH
7.4) for apical solution and 115 NaCl, 25 NaHCOg3, 1.2 MgCl,, 1.2 CaCl,, 2.4 KH,PO,, 1.24
K2HPO,, 10 glucose (pH 7.4) for basal solution. Apical and basal solutions were maintained at
37°C (controlled before and after each experiment) and gassed with 95% 0,-5% CO,.
Transepithelial potential difference and short-circuit currents were measured/injected through 3
M KCI filled Ag/AgCI electrodes connected to a VCC MC2 voltage/current clamp (Physiologic
Instruments Inc., USA). Visualization and recording of the current injected by the system to
short-circuit pseudo-epithelia (clamp at 0 mV) was visualized and recorded at a frequency of 0.1
Hz on a personal computer using Acquire and Analyze hardware and software (Physiologic
Instruments Inc., USA). Transepithelial potential difference were corrected for the junction
potential between apical and basal solutions and for empty insert resistance. Since the polarity of
Isc was referred to the basal side of the pseudo-epithelium and a gain of -10 was applied, an

apical anion secretion was indicated by an increase in Isc.



Figure S1B shows the assay protocol for the activation and inhibition of F508del-CFTR
mediated chloride currents recorded in our cell models. Pharmacological reagents were added to
the apical bathing solution. In all experiments, the transepithelial F508del-CFTR current (short
circuit current noted Isc) was assessed after blocking sodium currents by amiloride (100 uM) and
15 min later, CFTR activation was induced by various agonists (forskolin, VX770, Genistein
[31] and Cact-Al [32]). To inhibit CFTR specific CI" secretion, we added either CFTR-inh172
(10 uM) [33] or GlyH-101 (15 uM) [34]. Adding UTP (100 uM, not illustrated) after CFTR
inhibition was used to control calcium activated chloride channels (CaCC) activity and integrity
of the cells at the end of experiments. Figure S1C illustrates our analysis of Isc. We recorded the
basal current obtained after stability of the Isc, that is reached 5-15 min after adding amiloride.
After 15 minutes we measured the forskolin- and/or potentiator-dependent delta Isc and finally

the delta Isc after blocking CFTR.

Patch-clamp experiments

The BHK cell line stably expressing F508del-CFTR was used for the patch-clamp experiments,
essentially as in [35]. Automated whole-cell patch clamp was performed on the 8 channel
Patchliner NPC-16 workstation (Nanion Technologies GmbH, Munich, Germany), which was
coupled to two QuadroEPC-10 amplifiers (HEKA Elektronik GmbH, Germany). Our procedures
followed Nanion’s standards and used Nanion’s high resistance chips (resistances of 3-3.5 MQ).
To record CFTR currents, pulses from the holding potential of —40 mV to test potentials between
—80 and +80 mV in 20 mV increments were used. Results were expressed as the current
density/voltage [35]. The external bath solution contained (in mM): 145 NMDG, 145 HCI, 10

TES, 5 BaCl,, 2 CaCl,, 2 MgCl, (titrated with NMDG to pH7.4). The osmolarity of the bath



solution was 30010 mOsmol. The internal solution contained (in mM): 105 NMDG, 30 H,SO,,
20 HCI, 10 TES, 10 EGTA, 4 MgCl; and 3 MgATP titrated to pH 7.2 with HCI. Osmolarity of
the pipette solution was 285+5 mOsmol. A theoretical E¢- of —44 mV was determined with the
Nernst equation. Recordings were performed at room temperature (20-25°C). Results were

analyzed with Patch MasterPro software (HEKA).

Western blotting

To determine CFTR expression, CFBE F508del-CFTR, CFBE wild-type CFTR, BHK cells
stably expressing F508del-CFTR or wild-type CFTR were lysed using a lysis buffer containing
10 mM Tris HCI, 1% Nonidet P-40, 0.5% sodium deoxycholate, 1 mM Pefabloc® SC (Sigma
Aldrich, USA) and the protease inhibitors cocktail complete™ (Roche, Germany). Next, protein
extracts were quantified using BCA kit (Pierce™) and 50 ug of protein samples were separated
on SDS-PAGE (7%) and transferred to a nitrocellulose membrane. Membrane was then
subjected to Western blotting using a mouse anti-CFTR antibody (MAB3480, a.a 1370-1380,
clone M3A7, 1:1000; Merck Millipore, USA) [36] and a mouse anti-Na'/K* ATPase (1:1000;
SantaCruz biotechnology, USA). Horseradish peroxidase-conjugated sheep anti-mouse antibody
(1:5000; Amersham, GE Healthcare, UK) was used as secondary antibody, and proteins were
detected using enhanced chemiluminescence (Immobilon, Merck Millipore, France). Images
were obtained using the GeneGnome Imager (SynGene Ozyme, France) and analyzed for
densitometry with the Genetools software (SynGene Ozyme, France). The intensity of the bands
was normalized to the loading control, the Na*/K* ATPase protein and CFTR maturation status

was estimated by the band B/ (band B + band C) ratio. The Rainbow  Molecular Weight



Markers (Amersham, USA) have been used for identification of proteins on SDS-polyacrylamide

gels.

Immunofluorescence

At the end of the Ussing experiments, CFBE cells were directly fixed in the insert using 3%
paraformaldehyde for 10 min, and conserved at 4°C until immunostaining. Then, cells were
permeabilized for 5 min with 0.1% Triton X-100 diluted in PBS and incubated with a mouse
anti-human CFTR antibody (MAB25031, aa 1377-1480, Clone # 24-1, 1:400, Bio-Techne, USA)
blocked with 1% BSA (Sigma Aldrich, USA) for 2 hours at room temperature. After three 5-min
washes, cells were incubated with Alexa Fluor™ 647-conjugated donkey anti-mouse antibody
(AF647, 1:200; Invitrogen, USA) for 1 hour and rinsed again 3 times. Immunostaining was
followed by 5 min staining of the cell nuclei with Diamidino-phenyl-indole (DAPI, 1:1000,
Sigma Aldrich, USA). Each filter was then detached from its insert under binocular loupe with
scalpel blade and mounted with mowiol within microscope slide and coverslip (Menzel-Glé&ser,

Sigma Aldrich, USA).

Confocal imaging and analysis

FV3000 confocal microscope (Olympus, France) was used to acquire high resolution 3D images
with x60/1.40 Qil objective (UPLXAPOXO). 405 nm and 640 nm laser lines were used for
detection of DAPI (EmA: 430—470 nm) and AlexaFluor 647 (EmA: 650—-750 nm). Z-stack images
were acquired with 0.2 stepsize through the entire depth of the sample. Z sections were obtained
with Imaris software (Bitplane, Oxford Instrument, Belfast). 3D images were also analyzed with

Fiji software. First quantification of CFTR staining was performed on maximum intensity



projection images (MIP). A minimum of 15 regions of interest (ROI) were defined on each field
with contrast enhancing if needed (but not applied) in order to identify significant number of
cells throughout the image (5 images per condition). Experiment was repeated twice on two
different cell cultures. As second analysis, a study of CFTR staining along Z axis was done with
the same ROI defined as previously described for quantification. Data were analyzed with excel
software. For all the 15 ROIs per image, mean values obtained along Z axis (0.2 pm step) were
manually aligned on AF647 peak intensity and mean curve generated for each image. Mean
curves of 5 images were then treated in the same manner to align their AF647 peak value and
final mean curve was calculated. Values from DAPI channel followed AF647 Z realignment and

was treated as AF647 signal to calculate global mean and normalized.

Chemicals

Amiloride, UTP (Uridine 5’-triphosphat), forskolin, genistein, MK571 were from Sigma (Sigma
Aldrich, USA). The selective CFTR inhibitors CFTR-j;;172 and GlyH101 and the CFTR
activator Cact-Al (5-((2)-2-(2-(Allyloxy)phenyl)-1-cyanovinyl)-3-amino-1H-pyrazole-4-
carbonitrile, (2)-3-(2-(2-(Allyloxy)phenyl)-1-cyanovinyl)-5-amino-1H-pyrazole-4-carbonitrile)
were from Calbiochem (Calbiochem, USA). The following compounds were from Selleckchem
(Selleck Chemicals, USA) (IUPAC name): VX445 (elexacaftor), (N-(1,3-dimethylpyrazol-4-
yl)sulfonyl-6-[3-(3,3,3-trifluoro-2,2-dimethylpropoxy)pyrazol-1-yl]-2-[(4S)-2,2,4-
trimethylpyrrolidin-1-yl]pyridine-3-carboxamide); VX661 (tezacaftor), (1-(2,2-difluoro-1,3-
benzodioxol-5-yl)-N-[1-[(2R)-2,3-dihydroxypropyl]-6-fluoro-2-(1-hydroxy-2-methylpropan-2-
yl)indol-5-yl]cyclopropane-1-carboxamide); VX770  (ivacaftor),  (N-(2,4-ditert-butyl-5-

hydroxyphenyl)-4-oxo-1H-quinoline-3-carboxamide); VX809 (lumacaftor), (3-[6-[[1-(2,2-



difluoro-1,3-benzodioxol-5-yl)cyclopropanecarbonyl]amino]-3-methylpyridin-2-yl]benzoic
acid). Note that VX445 is not chiral purity and thus the manufacturer does not specify
enantiomeric VX-445 forms (S, R). Stock solutions of these pharmacological agents were

prepared in dimethyl sulfoxide (DMSO) to make a 1000-fold concentrated stock solutions.

Statistical analysis

Data are presented as mean + SEM of n observations. Statistical comparisons were made using
non-parametric (n < 10) or parametric (n > 10) tests with a significance level of 0.05. Before
using a parametric test, samples were checked for normality using Shapiro-Wilk normality test.
Statistical significance was determined with Mann-Whitney test using GraphPad Prism version
6.0 (GraphPad Software, San Diego, CA, USA) software. Differences were considered
statistically significant at P<0.05. ns, no significant difference; *P< 0.05; **P< 0.01; ***P<

0.001 and ****P< 0.0001.

Results

Rescue of F508del-CFTR-dependent transepithelial currents in primary human airway
epithelial (HAE) cells by elexacaftor/tezacaftor with and without ivacaftor

We recorded the F508del-CFTR-dependent short circuit currents (Isc) of primary human airway
epithelial (HAE) cells from F508del homozygous CF donors to evaluate the correction effect of
the components of Trikafta, elexacaftor/tezacaftor/ivacaftor (or VX445/\VX661/VV X770 hereafter
named 3VX) and elexacaftor/tezacaftor (hereafter named 2VX). In these experiments, Isc was
first stimulated by forskolin (FSK, 1 uM) and then by VX770 (1 uM) and finally inhibited by

CFTRinh172 (10 uM). In control experiments with HAE incubated 24h in DMSO, FSK and



VX770 were not able to increase Isc as shown Fig.1A. On the contrary, with HAE cells treated
by either 2V X (Fig.1B) or 3VX (Fig.1C), adding FSK (1 pM) rapidly increased Isc that then
stabilized. We observed three differences with HAE cells treated by either 3VX or 2V X. First,
the basal Isc level (before adding FSK) was significantly increased in the 3V X experimental
condition compared to 2VX (P<0.001, Fig.1D). Second, the Isc response to FSK was
significantly increased for inserts treated by 3V X versus 2VX (P<0.001, Fig.1E). Third, the FSK
activated Isc could not be further potentiated (P<0.01, Fig.1F) by the acute addition of VX770
(see Fig.1B and Fig.1C). However, as also shown Fig.1C, adding a higher concentration of FSK
after VX770 further increased Isc for 3V X-treated HAE cells showing that the chloride current
was not maximum after VX770. In all experimental conditions, adding CFTRinh172 (10 uM)

rapidly inhibited Isc.

The correctors elexacaftor and tezacaftor synergistically rescue F508del-CFTR function

In a second series of experiments (Fig.2), we recorded F508del-CFTR Isc for CFBE F508del-
CFTR epithelial cells incubated 24h with the individual correctors lumacaftor, tezacaftor,
elexacaftor and with the combination of elexacaftor/tezacaftor (2VX) at the concentrations
indicated in the method section. In each experiment, Isc was stimulated by FSK (1 uM) and then
by VX770 (1 uM) and finally inhibited by CFTRinh172 (10 puM). The Isc recorded with cells
treated by elexacaftor alone was significantly increased as compared to lumacaftor or tezacaftor.
When we combined elexacaftor and tezacaftor (2VX) we recorded a higher Isc with either FSK
or FSK+V X770 (Fig.2A-B), in good agreement with previous reports [25, 28, 29]. Moreover, the
values obtained show that the level of currents with the combination 2V X cannot be explained

by the simple addition of the individual effects measured with elexacaftor or tezacaftor. Indeed,



if we simply add the maximum Isc value reached after adding FSK+V X770 with cells treated
with either elexacaftor (n=5, AlsCyx445=31£1.4 uA/cmZ) or tezacaftor (n=11, AlsCyxes1=7.6+0.75
pA/cm?), it gives a theoretical value below 40 pA/cm? whereas the experimental Isc value
recorded with cells treated with elexacaftor/tezacaftor was Alscoyx=69+3.5 pA/cm? (n=14),
indicating that elexacaftor and tezacaftor act synergistically and not additively to rescue F508del
function (Fig.2B). This is also the case with FSK alone (AlsCyxes1=3.3+0.3 uA/cmz, n=12;
AlSCyxass=7.6+0.4 pA/cm?, n=6; theoretical Iscoyx ~11 pHA/cm?; experimental Alscoyx=40+2.8
pA/cm? (n=14, P<0.0001 compared to IsCyxass). This synergy has also been reported by previous
reports [25,28]. Finally, our conclusions are also supported by the data on inhibition of Isc as
shown figure 2B. The amplitude of the current blocked by CFTRinh172 was not significantly

different when compared to the maximum level of Isc recorded after FSK+VX770.

VX770 is unable to potentiate the elexacaftor/tezacaftor/ivacaftor-corrected F508del
current

Because the therapeutic preparation Trikafta/Kaftrio is composed of VX445+VX661+VX770
(3VvX), we compared the responses of CFBE F508del-CFTR cells after treatment with the same
correctors (as in Fig.2A) supplemented with 1 uM ivacaftor, to mimic Trikafta/Kaftrio. Figures
2C-D show the stimulation of F508del-dependent Isc in these experimental conditions. As for the
results presented in figure 2A, we stimulated Isc with FSK (1 pM) and then we added VX770 (1
pMM). Firstly, we found a significant difference (P<0.05) between the FSK-dependent Isc
recorded with cells treated with 3VX (Alscayx=46.4+1.4 uAlcm?, n=17, Fig.2D) compared to
cells treated with 2VX (Alscoyx=40+2.8 pA/cm?, n=14, Fig.2B). Secondly, for all the correctors

or combination of correctors tested, the FSK activated Isc could not be further potentiated



following the acute addition of VX770 (Fig.2C). The maximum level of correction of 3VX
(Alscayx=46.6+1.3 pA/cm? n=17) is significantly difference (P<0.0001) compared to 2VX
(Alscoyx=69+3.5 pA/cm?, n=14) when cells were stimulated by FSK (1 uM) and acute-VX770
(1 puM) (Fig.2B, D). We replicated these results with VX770 added acutely at various
concentrations. To that end, we treated cells by either 3VX (Fig.S2A) or 2VX (Fig.S2B) and
stimulated Isc by FSK (0.1 pM) and increasing concentrations of VX770 from 0.1 to 10 pM.
Whereas VX770 (0.1 uM) potently stimulated Isc of cells treated by 2V X as shown in figures 1B
and 2A, it is not the case for cells treated by Trikafta as shown in figures 1C and 2C, even at high
concentrations (Fig. S2A). VX770 is also able to stimulate Isc at lower concentrations of cells
treated with 2V X (i.e. 0.01 uM, data not shown) as shown previously [15].

We observed in HAE and CFBE F508del-CFTR cells that the effect of FSK to activate
F508del-CFTR was more pronounced when VX770 was present in the treatment mixture.
Indeed, our recordings of Isc always show that FSK (at 0.1 or 1 pM) stimulated Isc with a higher
amplitude for cells treated by 3V X than by 2V X (Fig.1, Fig.2 and Fig.S2). We thus compared the
effect of various concentrations of FSK on Isc for both conditions of treatment and found that at
any FSK concentrations tested, the Isc amplitude was increased for 3V X-treated cells (Fig.S2C),
i.e. most probably due to the presence of VX770. However, the ECs, values calculated for FSK
(Fig.S2C) were comparable for cells treated with either 3V X (~153 nM) or 2VX (~183 nM)
suggesting that FSK has a similar potency in stimulating Isc but an increased efficacy when
VX770 is present together with the correctors elexacaftor/tezacaftor. Keating et al [25] also
showed that the Isc stimulated by FSK (10 uM) in human bronchial epithelial cells treated by

Trikafta was increased compared to elexacaftor/tezacaftor treatment.



To confirm the successful functional rescue of F508del-CFTR by
elexacaftor/tezacaftor/ivacaftor, as measured in Ussing experiments with human airway
epithelial cells, we recorded F508del-CFTR whole-cell chloride currents in BHK cells stably
expressing F508del-CFTR. F508del-CFTR BHK cells were treated by 3V X (Trikafta; n=15) and
DMSO (n=14) as control. Figure S3 shows representative whole-cell current traces (A) and
corresponding current density/V curves (B, C) from experiments in basal, after addition of FSK
(10 uM) + GST (30 pM) and following addition of CFTRinh172 (10 uM). FSK+GST stimulated
a chloride current only in 3V X-treated BHK cells (Fig.S3A, C). The current reversed at -40mV,
close to the theoretical reversal potential for a chloride current in our experimental conditions
(see methods). Finally, adding CFTRinh172 (10 uM) inhibited the stimulated currents. These
results show that the triple combination of Trikafta, elexacaftor/tezacaftor/ivacaftor, also restores

F508del-CFTR function in the non-human BHK cell expressing F508del-CFTR.

F508del-CFTR maturation and apical staining are reduced by VX770

To begin to understand why it seems to be better to add VX770 in a second time after
elexacaftor/tezacaftor, we were interested by the impact of VX-770 on CFTR protein expression.
In fact, it has been reported that ivacaftor destabilizes F508del-CFTR [22,23]. We thus
performed Western blot and immunofluorescence analysis with CFBE F508del cells treated by
correctors with or without ivacaftor. Figure 3 shows results of Western blot experiments (n=6)
on cells either cultured on insert analyzed after measuring Isc with Ussing experiments (Fig.3A)
or on plastic dish (Fig.3B). The amount of mature F508del proteins (band C) was significantly
increased for CFBE F508del-CFTR cells treated by tezacaftor, elexacaftor, elexacaftor/tezacaftor

and elexacaftor/tezacaftor/ivacaftor compared to non-treated cells (Fig.3C). In addition, the



amount of band C of F508del-CFTR was significantly decreased in cells treated by 3VX
regarding cells treated by 2VX (Fig.3C). Comparable results were obtained for BHK cells
expressing F508del-CFTR. The level of mature F508del proteins (band C) was also increased
with 2V X or 3V X treatment (Fig.S3D).

Destabilization of F508del-CFTR by VX770 was also studied by F508del-CFTR
immunostaining. Figure 4 presents representative confocal images showing levels of CFTR
immunofluorescent staining after 24h-incubation with DMSO, elexacaftor/tezacaftor (2VX) and
elexacaftor/tezacaftor/ivacaftor (3VX) (Fig.4A) and representative Z section of 3D confocal
images showing apical localization of CFTR staining along thickness of 3D culture in these
experimental conditions (Fig.4B). We quantified the mean intensity of fluorescence measured
from Z maximum intensity projection images (Fig.4C) and show the reduced intensity of CFTR
immunofluorescent staining after 3V X compared to 2V X (P<0.001). Although we cannot strictly
correlate our results obtained by Western blot, Ussing chamber and immunolocalization, these
observations qualitatively confirmed that ivacaftor reduces the correction efficacy of Trikafta as

shown earlier by others for VX809 (lumacaftor) and VX661 (tezacaftor) [22, 23].

The basal Isc current measured before stimulation as a marker of F508del rescue

During analysis of the Ussing chamber recordings after the various treatments shown in figures 1
and 2, we observed that the basal level of Isc was dependent on the nature of the correction. The
value of basal Isc was quantified after amiloride and before stimulation by FSK. In particular
with the triple combination elexacaftor/tezacaftor/ivacaftor, we systematically recorded a higher
basal Isc compared to other treatments (Fig. 1D and Fig. 2C). With CFBE F508del cells, we

determined the basal Isc for all experiments and reported the results in figure 5. For cells treated



by only one corrector, either lumacaftor (V X809, n=7), tezacaftor (VX661, n=10) or elexacaftor
(V X445, n=14), the basal Isc was not significantly different compared to DMSO (n=5) and non-
treated cells (noted NT, n=15, Fig.5A). The value of basal Isc was also similar for cells treated
by one corrector associated to the potentiator VX770 that is either the components of Orkambi
(i.e. lumacaftor/ivacaftor; 1sc=6.4+0.8 pA/cm?, n=6) or of Symdeko (i.e. tezacaftor/ivacaftor;
SChasa=5+0.5 pA/cm?, n=10, Fig.5B). However, the basal Isc value was significantly increased if
ivacaftor is associated to elexacaftor treatment (ISChasa=12+1.1 pA/cm? n=10, Fig.5B). In the
case of the association of two correctors, the basal Isc with elexacaftor/tezacaftor was
SChasai=8+0.5 pA/cm?® (n=48) and increases t0 I1SChasa=17+0.4 pA/cm? if it is associated to the
potentiator VX770 (n=68, Fig.5C). The basal Isc was comparable when tezacaftor was
substituted by lumacaftor (ISChasa=19+1.6 pA/cm?, n=4, Fig.5C). The substitution of VX661 by
VX809 in the triple combination of Trikafta, neither modify the FSK-stimulated Isc (VX809:
Alsc=49+2.7 pA/cm?, n=4, 1 pM FSK) nor the CFTRinh172-dependent Isc (VX809:
Alsc=50+1.1 pA/cm?, n=4). Then, to confirm that the basal current was due to CFTR activity, we
added the CFTR inhibitor directly on the basal current. An example is shown figure 5D. In these
paired experiments we treated cells by elexacaftor/tezacaftor/ivacaftor and added GlyH101 (15
pMM) with or without FSK (10 uM) as indicated on the tracings. After GlyH101, both inhibited
currents reached a comparable level. Thus, the inhibited Isc current represents the sum of the
basal activity of CFTR plus the FSK-activated CFTR activity. Therefore, treating cells with
Trikafta, most probably due to the presence of the CFTR potentiator ivacaftor, results in the
basal CAMP activation of F508del-CFTR in the absence of any exogenous addition of cCAMP
agonists. To further study this, in the next experiments we used MK571 an inhibitor of the

multidrug resistance protein 4 (MRP4/ABCC4) [37] that is expressed in airway epithelial cells



[38, 39]. Inhibition of MRP4 by MK571 was shown to prevent cCAMP efflux within cellular
microdomains containing MRP4 and CFTR thereby augmenting phosphorylation of CFTR [37-
39]. With CFBE F508del cells treated by elexacaftor/tezacaftor/ivacaftor (Fig. 5E, F) and
elexacaftor/tezacaftor (Fig.5G, H), a preincubation with MK571 (20 pM) for 20 min in the apical
chamber induced a further increase of basal Isc (ISChasai=29+1.6 pA/cm? and 11+1.7 pAlcm?,
respectively, Fig.5C). Representative recordings are shown figures 5E-H. Addition of the CFTR
inhibitors GlyH101 (15 pM) or CFTRInNh172 (10 uM) inhibited Isc in absence of additional
stimulation (Fig.5E, G) or after 1 uM FSK (Fig.5F, H). In addition, we observed that the effect
of MK571 was significantly reduced (P<0.01) in cells treated by elexacaftor/tezacaftor

compared to cells treated by elexacaftor/tezacaftor/ivacaftor (Fig.5C).

Potentiation of Trikafta-corrected F508del-CFTR function

A striking difference observed in both HAE (Fig.1) or CFBE F508del cells (Fig.2) treated
by elexacaftor/tezacaftor/ivacaftor or by only the two correctors elexacaftor/tezacaftor (i.e.
without ivacaftor) is that adding VX770 cannot further increased Isc. Of note, the prescription of
Trikafta to CF patients consists of a first tablet with the triple combination
elexacaftor/tezacaftor/ivacaftor and a second tablet with only ivacaftor. Although our in vitro
analysis of the effect of the components of Trikafta cannot be strictly compared to an in vivo
exposure of CF patients to Trikafta, we conducted additional experiments to study this difference
in more details. To that end, we used elexacaftor/tezacaftor/ivacaftor-treated cells stimulated by
0.1 uM FSK (corresponding to the calculated ECsy value as shown Fig.S2C). Acute addition of
VX770 (1 uM) before (Fig.6A) or after FSK at different concentrations (Fig.6B, C) failed to

increase Isc. To evaluate whether the amplitude of the current reached after FSK+V X770 was



maximal, we added 1 UM FSK (corresponding to the saturating concentration Fig.S2C) after
VX770. The addition of 1 uM FSK after VX770 increased Isc (Fig.6A-C), which was inhibited
by CFTRinh172. Then, we evaluated the effect of VX770 on cells treated by
elexacaftor/tezacaftor. As expected, VX770 (1 uM) was able to stimulate Isc before (Fig.6D) or
after FSK (Fig.6E, F) and was inhibited by CFTRinh172. However, VVX770-dependent Isc was
not maximum because it could be further potentiated by FSK (0.1-1 uM) as shown in figure 6D-
F. The Isc presented in Figures 6A and 6D are summarized in Figure 6G. Figure 6H shows
results when high concentration of FSK (10 uM) was added before adding VX770 (1uM) for
cells treated by either 3VX or 2VX.

Our next question was to determine whether a different potentiator, instead of VX770,
would be able to potentiate FSK-activated Isc in Trikafta-treated cells. We thus conducted
experiments with the two potentiators, genistein [31] and Cact-Al [32] and compared their
effects with cells treated by either elexacaftor/tezacaftor/ivacaftor (Fig.7A) or
elexacaftor/tezacaftor (Fig.7B). We first used low concentration of FSK (0.01 pM) to pre-
stimulate Isc and second added genistein (30 uM) or Cact-Al (30 uM) and finally added
saturating FSK (1 puM). Contrary to VX770, both potentiators significantly potentiated the FSK-
dependent Isc (Fig.7A, B). The effect of saturating concentration of FSK was however very
small compared to the experiments using VX770 (see Fig.6C, F and Fig.7A, B). Since VX770
binds within the transmembrane region of CFTR protein [40], it might prevents the action of
different potentiators. Thus, we recorded Isc with CFBE F508del cells treated by either
elexacaftor/tezacaftor/ivacaftor (Fig.8A, C) or elexacaftor/tezacaftor (Fig.8B, C) stimulated by
genistein after VX770. We also obtained comparable results with F508del-HAE cells treated by

either elexacaftor/tezacaftor/ivacaftor (Fig.8D, F) or elexacaftor/tezacaftor (Fig.8E, F) stimulated



by genistein after VX770. In both cell models, these results show that genistein is able to

potentiate Isc despite the presence of VX770.

Discussion

The novel medicament for CF patients, Trikafta/Kaftrio (Vertex Pharmaceuticals, USA), is
composed of two folding correctors, elexacaftor and tezacaftor and one gating potentiator,
ivacaftor. The results of Phase 3 clinical trials demonstrated a significant gain in lung functions
with Trikafta as compared to Orkambi and Symdeko (Table 1) [25-27, 41]. Trikafta is indicated
for CF patients of 12 years of age and older who have at least one F508del mutation, or at least
one other mutation in the CF gene that is responsive to Trikafta (i.e. 177 other approved
mutations), regardless of their second mutation type [41]. Although the molecular mechanism of
action of these modulators remains unknown, Trikafta might help F508del-CFTR to fold
properly to be relocated to the apical plasma membrane of epithelial cells instead of being
addressed to the intracellular degradation pathway. Then, the corrected F508del-defective CFTR
protein functions more efficiently at the apical membrane of airway epithelial cells [25-29]. In a
recent study, Lukacs and colleagues [28] showed that VX445 synergistically restores F508del-
CFTR processing in combination with correctors of type | (such as VX661, VX809, ABBV-2222
and FDL169) or Il (the compound 3151, [42]). These correctors target the NBD1-MSD interface
and NBD2, respectively. These authors proposed that VX445 is a type Il corrector stabilizing
NBD1 [28, 42]. This is consistent with our results showing synergy between VX445 and VX661
and also with results from experiments in which we substituted VX661 by VX809 (two type |
correctors) in the triple combination of Trikafta, and observed no significant differences in the

values of Alsc. Another recent investigation on double corrector treatment [43] showed that



VX445 elicits a large rescue of F508del-CFTR function as we observed here. However, after
analysis of ubiquitylation, resistance to thermoaggregation, protein half-life, and subcellular
localization authors concluded that VX445 plus a type | corrector (VX661 or VX809) did not

fully normalize F508del-CFTR behavior.

We have explored in that study the effect of the three components of Trikafta (i.e.
elexacaftor/tezacaftor/ivacaftor) either alone or in combination and found that in the absence
of the potentiator ivacaftor, the order of potency to rescue F508del-CFTR function was
lumacaftor ~ tezacaftor << elexacaftor << elexacaftor/tezacaftor, the two folding correctors
elexacaftor and tezacaftor acting synergistically [25, 28]. In the presence of the potentiator
ivacaftor, we found differences in the order of potency for the ability to rescue F508del
function as determined by the amplitude of the FSK-dependent Isc. In that case, Trikafta was
the most potent treatment: Orkambi ~ Symdeko << elexacaftor/ivacaftor << Trikafta. On the
other hand, we found that the order of potency to rescue the mature form of F508del proteins
(form C) was tezacaftor << elexacaftor ~ -elexacaftor/tezacaftor/ivacaftor <
elexacaftor/tezacaftor. A similar result was reported by Keating et al [25].

However, for the triple combination Trikafta (this study and [25, 28]), like for the
double combinations Orkambi and Symdeko [22, 23], the gating potentiator ivacaftor reduced
the correction efficacy of these treatments as observed for F508del-CFTR localization,
maturation and function in airway epithelial cells. As reported earlier with lumacaftor and
tezacaftor [22-24], this effect is due to the progressive loss of CFTR at the plasma membrane
following its activation. An effect that might also be related to the lipophilicity of ivacaftor at

the origin of nonspecific effects on the lipid bilayer [44]. This membrane effect may account



for the destabilizing effect of ivacaftor on lumacaftor-rescued F508del-CFTR as recently
shown [44]. Our Western blot and immunolocalization studies of F508del proteins are in good
agreement with these observations and therefore confirmed that ivacaftor has also a
destabilizing effect on F508del rescued by Trikafta, as shown [25, 28].

A comparison of the basal Isc suggests that the inhibited Isc current represents the sum of
the basal activity of CFTR plus the FSK/potentiator-activated CFTR activity (i.e. a+b+c figure
S1C). We thus believe that with Trikafta, the basal Isc reflects the fact that F508del-CFTR is not
only resident (due to the synergic correcting action of elexacaftor/tezacaftor) but also functional
at the plasma membrane of cells (due to the binding of ivacaftor to F508del-CFTR and opening
of the channels) under the control of an endogenous CAMP pathway. A raise of the basal and
FSK-mediated Isc by MK-571 in elexacaftor/tezacaftor/ivacaftor or elexacaftor/tezacaftor treated
cells could occur through induction of local elevations in cytosolic CAMP as suggested by the
description of the spatiotemporal coupling between the cAMP transporter MRP4 and CFTR
activity in intestinal [37] and airway cells [38, 39]. Therefore, we propose here that the basal Isc,
a value generally neglected, could represents a marker of the level of correction of functional
F508del-CFTR and could serve as a readthrough to identify synergistic combinations of
F508del-CFTR modulators. Our results are also in agreement with those of Keating et al [25]
showing that the Isc stimulated by FSK in human airway epithelial cells treated with Trikafta
was increased compared to a treatment by elexacaftor/tezacaftor.

We thus believe that the level of stimulation of CFTR-dependent Isc is underestimated
when ivacaftor is used as potentiator. Despite the fact that ivacaftor was very potent to acutely
potentiate the rescued F508del-CFTR-dependent Isc when cells were treated with

elexacaftor/tezacaftor, the potentiator was unable to activate CFTR-Isc in Trikafta-treated cells.



At least two studies might explain our results. Firstly, recent evidences from experiments of
cryoelectron microscopy showed structure of human CFTR in complex with the two potentiators
ivacaftor and GLPG1837 binding to the same site within the transmembrane region of CFTR
[40]. Therefore, a direct binding of ivacaftor to F508del might explain why, after 24h incubation,
the acute addition of ivacaftor was unable to stimulate CFTR current simply because the binding
sites are still occupied. This was not the case for genistein and Cact-Al that are still able to
stimulate the rescued F508del current above the level achieved by FSK and despite the presence
of ivacaftor (chronic or acute). The most plausible reason being that ivacaftor and genistein do
not compete to the same binding site. Indeed, genistein has been shown to interact with
nucleotide binding domains (although no binding has been firmly shown) [45, 46] but not with
the transmembrane region of CFTR where ivacaftor binds [40]. Unfortunately, genistein has no
clinical benefit on some CFTR variants [47] and therefore cannot replace ivacaftor. Secondly, it
has been shown that ivacaftor accumulates in CF-HBE cells to a much greater extent than either
lumacaftor or tezacaftor, remaining persistently elevated even after 14 days of washout. CFTR
activity peaked at 7 days of treatment but diminished with further ivacaftor accumulation, though
remained above baseline even after washout [48].

In conclusion, our study confirms the efficacy of the components of Trikafta to rescue a
mature and functional form of F508del-CFTR at the apical plasma membrane of human airway
epithelial cells. But we also show that ivacaftor has still a destabilizing effect on rescued-
F508del and that despite the potency of ivacaftor, it was not able to further potentiate the
function of Trikafta-rescued F508del-CFTR. This is important because ivacaftor also reduces the
correction efficacy of lumacaftor [22, 23] and tezacaftor [23]. Our results also showed that

ivacaftor does not preclude the use of another potentiator combined to Trikafta. Taken together



with previous reports [13, 16, 22-24], our results thus suggest that we should be able to

maximize the correcting effect of Trikafta by using a different potentiator.
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Figure 1: Rescue of F508del-Isc in Human Airway Epithelila cells by elexacaftor/tezacaftor
with or without ivacaftor. A-C. Original tracings of Isc as function of time (expressed here and
in the following figures as pA/cm?) for F508del-HAE cells incubated 24h with DMSO (A)
elexacaftor/tezacaftor (noted 2VX, B) and the components of Trikafta, i.e.
elexacaftor/tezacaftor/ivacaftor (noted 3VX, C). The F508del-CFTR short-circuit current was
stimulated by FSK at 1 pM (indicated as FSK 1, first arrow) and then 1 uM VX770 (second
arrow) and finally inhibited by 10 uM CFTRinh172 (third arrow). D. Mean = SEM of Isc basal
for HAE cells treated by 2V X (n=6) and 3VX (n=7) as indicated (***P< 0.001). E, F. Mean +
SEM of Alsc in the presence of FSK (E) and VX770 (F) for HAE cells treated by 2V X (n=6) and
3VX (n=7) as indicated (**P< 0.01; ***P< 0.001). Here and in the following figures, the

concentration of each modulator is given in the method section.
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Figure 2: Rescue of F508del-Isc by various correctors in CFBE cells expressing F508del-
CFTR. A, C. Original tracings of Isc as function of time for CFBE F508del cells incubated 24h
with the corrector indicated at the top of each plot without (A) or with VX770 (C). In A, DMSO
was used as control. The Isc CFTR current was stimulated by forskolin at 1 uM (indicated as
FSK 1, first arrow) and then 1 uM VX770 (second arrow) and finally inhibited by 10 uM
CFTRinh172 (third arrow). B, D. Mean = SEM of Alsc for each condition illustrated in A (n=5-
14) and C (n=17). ns, no significant difference; *P< 0.05; **P< 0.01; ***P< 0.001 and ****P<

0.0001.
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Figure 3. Immunoblots of F508del following treatments with CFTR correctors. A. CFTR

expression of the total protein fraction of CFBE F508del cells after 24h-incubation with VX661

(18uM), VX445 (3uM) and VX770 (1uM) or DMSO control as indicated above blot and of

CFBE WT cells grown on inserts (representative blot of 6 independent experiments). Equal

protein loading was controlled via Na'/K* ATPase detection B. CFTR expression of the total



protein fraction from CFBE F508del cells, grown on plastic dish, after 24h-incubation with
VX661 (18uM), VX445 (3uM) and VX770 (1uM) as indicated above blot (representative blot of
2 independent experiments). Equal protein loading was controlled via Na*/K* ATPase detection
C. Results of densitometric analysis of blots illustrated in A expressed as ratio of mature form C
to the sum of forms B + C from CFBE F508del and CFBE WT cells (n=6). Results are presented
as mean + SEM. Statistics are versus DMSO control (*P< 0.05; ***P< 0.001 and ****p<

0.0001) or versus 2V X treatment (#P< 0.05)
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Figure 4. Effect of correctors on CFTR membrane localization on polarized cultured of
CFBE F508del epithelial cells. A. Representative confocal images showing level of F508del-
CFTR immuno-fluorescent staining after 24h-incubation with DMSO, 2V X or 3V X. Images are
maximum intensity projection of Z-stack (scale bar 20 um). B. Representative Z section of 3D
confocal images showing apical localization of CFTR staining along thickness of 3D culture (2
to 3 cell layers were revealed with DAPI staining). On the right, graphs represent localization of
CFTR (revealed with AF647 coupled antibody, solid lines) and nuclei (stained with DAPI,
dotted lines) from apical to basal Z position. For each experimental condition, curves were
obtained from fluorescence mean intensity values calculated along Z series (0.2 pm Z step, 5
images per condition, 15 ROI per image). C. Mean intensity of fluorescence measured from Z
maximum intensity projection images. As shown at the right side of the graph, minimum 15 ROI
were defined on enhanced contrast display image. Results are presented as mean + SEM.
Statistical analysis was performed by multiple comparisons using Mann Whitney tests (***

P<0.001, **** P<0.0001).
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Figure 5. Determination of the basal Isc. A, C. Averaged basal Isc currents before FSK
stimulation for each treatment condition on CFBE F508del cells. Results are presented as mean +
SEM. ns, no significant difference; **P< (.01 and ****P< (.0001. D. Two superposed original
tracings showing Isc for CFBE F508del cells incubated with elexacaftor/tezacaftor/ivacaftor and
stimulated by FSK (10 pM) (arrow, solid line) or not (dotted line). The CFTR inhibitor GlyH-
101 (15 pM) was used to block Isc (second full and empty arrows). E-H. Original tracings
showing Isc with CFBE F508del cells incubated with Trikafta (E, F) and elexacaftor/tezacaftor
(G, H). Isc was stimulated by the MRP4 inhibitor MK571 (20 uM). FSK was used at 1uM in F
and H. To block CFTR-dependent Isc we used either GlyH-101 (15 puM, E and G) or

CFTRinh172 (10 uM, F and H). Arrows indicate when we added agents.
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Figure 6. Acute VX770 stimulates F508del-Isc in elexacaftor/tezacaftor but not in Trikafta
treated cells. A-F. Original tracings showing Isc for CFBE F508del cells treated by
elexacaftor/tezacaftor/ivacaftor (A-C) or elexacaftor/tezacaftor (D-F). The Isc current was
stimulated by different combinations of VX770 (1 pM) and FSK (0.01, 0.1 or 1 pM as
indicated). The concentrations are indicated on each plot. Inh: CFTRinh172 (10 pM). G, H.
Mean + SEM of Alsc as indicated under each bar histogram (n=4-8). ns, no significant

difference; *P< 0.05 and ***P< 0.001.
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Figure 7. Genistein and Cact-Al stimulate F508del-Isc in elexacaftor/tezacaftor and in
Trikafta treated cells. A, B. Original tracings showing Isc for CFBE F508del cells treated by
elexacaftor/tezacaftor/ivacaftor (A) or elexacaftor/tezacaftor (B). Isc currents stimulated by
different combinations of FSK, genistein (GST, 30 uM) and Cact-Al (30 uM). Inh: CFTRinh172
(10 uM). In A (n=5) and B (n=4), the histograms on the right show the mean + SEM of Alsc. ns,

no significant difference; *P< 0.05 and **P< 0.01.
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Figure 8. Genistein added after VX770 stimulates F508del-Isc in elexacaftor/tezacaftor and
Trikafta treated cells. A, B. Original tracings showing Isc for CFBE F508del cells treated by
elexacaftor/tezacaftor/ivacaftor (A) and elexacaftor/tezacaftor (B). C. Mean £ SEM of Alsc (n=4-
5) in response to FSK (0.1 uM), VX770 (1 uM) and genistein (GST, 30 uM). Inh: CFTRinh172
(10 uM) as indicated below each bar histogram. D, E. Original tracings showing Isc for HAE
F508del cells treated by elexacaftor/tezacaftor/ivacaftor (D) and elexacaftor/tezacaftor (E). F.
Mean + SEM of Alsc (n=3) in response to FSK (1 uM), VX770 (1 uM) and genistein (GST, 30
pMM) as indicated below each bar histogram. Inh: CFTRinh172 (10 pM). ns, no significant

difference; *P< 0.05 and **P< 0.01.
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Supplemental Figure S1. Chemicals and protocols A. chemical structures of the therapeutic
correctors lumacaftor, tezacaftor and elexacaftor and of the potentiator ivacaftor. B. scheme
illustrating the protocols used to record Isc in airway epithelial cells. POT: genistein or Cact-Al.
C. scheme showing the analysis of Isc to determine basal Isc (a), forskolin (b) and potentiator

(c)-dependent Alsc, activatable (d) and inhibitable (e) CFTR Alsc.
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Supplemental Figure S2. Stimulation of F508del-Isc by VX770 and forskolin. A, B. Original
tracings showing Isc with CFBE F508del cells incubated by elexacaftor/tezacaftor/ivacaftor
(noted 3VX in A) or elexacaftor/tezacaftor (noted 2VX in B). The Isc CFTR current was
stimulated by FSK (0.1 uM, arrow) then VX770 (increasing concentrations as indicated by the
dot on the traces) then inhibited by 10 uM CFTRinh172 (inh, second arrow). C. Mean £ SEM of
Alsc in response to increasing concentrations of FSK (n=4-8 for each concentration). ns, no

significant difference and ****P< 0.0001.



Figure S3

| (PA/pF)
A 3VX B DMSO 3009 O basal
B FSK+GST
basal 2004 A CFTRInh172
1004

FSK + GST . —
-80 -60 -40 -20 20 40 60 80

I— S—— -100- V (mV)

@ I
"
| (pPA/pF)

100ms 100~ V (mV)
D BHK/F508del
VX770 +
VX661l < + + + WT
CFTR [C — —~a 225kDa
B [ - — . ~ 150kDa

Na*/K* ATPase | ™ S o |~ 02

-a 76kDa




Supplemental Figure S3. Whole-cell patch clamp recordings of F508del chloride currents
in BHK cells A. Original tracings of whole-cell F508del-CFTR chloride currents in basal (upper
traces), after adding FSK (10 uM) + GST (30 uM) (middle traces) and after adding CFTRinh172
(10 uM) (bottom traces). B, C. Current density/V relationships for non-treated BHK cells (n=14,
B) or BHK cells treated by elexacaftor/tezacaftor/ivacaftor (n=15, C). Basal is indicated by
circles, FSK+GST by squares and CFTRinh172 by triangles. D. CFTR expression of the total
protein fraction from BHK F508del cells after 24h-incubation with VX661 (18 puM), VX445 (3
pHM) and VX770 (1 pM) alone or in combination or DMSO control as indicated above blot and
of BHK WT cells grown on dish (representative blot of 2 independent experiments). Equal

protein loading was controlled via Na'/K* ATPase detection.



CFTR Modulators Market Year Indication | CF CF Lung Lung Estimated
Name Approved (age) mutations Population | ppFEV1** | exacerbation | annual cost
USA USA (FDA*) reduction us (S)
EU EU (EMA¥) EU (€)
Ivacaftor Kalydeko | 2012 >6 mo Class lll, gating mutation, 3-5% 10.6- 55% 311000
2014 residual function and 12.5% 260000
conduction mutations (class V) (week 24)
Lumacaftor Orkambi | 2015 >12 yr Class ll, F508del homozygous 45-50% 2.6-4.0% 30-39% 272000
/lvacaftor 2018 >6 yr 226000
Tezacaftor/Ivacaftor | Symdeko | 2018 >6 yr Class Il, F508del homozygous, 45-50% 4.0-6.8% 35% 292000
with Ivacaftor Symkevi 2018 heterozygous, other mutations 242000
Elexacaftor/ Trikafta 2019 >6 yr Class Il, at least one copy of 85-90% 10.4- 63% 311000
Tezacaftor/ Kaftrio 2020 F508del mutation 13.8% 260000
Ivacaftor and one copy with residual

with Ivacaftor

function mutation

* FDA: Food and Drug Administration; EMA: European Medicines Agency;
**ppFEV1: percent predicted forced expiratory volume in 1 second

Table 1. Therapeutic CFTR modulators




