Supplementary data

Supplementary methods
Calculation of AUC for the FIS assay (see supplementary Figure S2)

Two wells are used for each condition. Images of each well are taken at 10 minutes interval
during the FIS assay, and typically contain 15 to 60 organoids. The total organoid area is
calculated from each picture, and normalized to the area at t0 (considering area at t0 as
100%). This normalized area is plotted vs time, to calculate the AUC (area under the curve)

for each of the wells.

For each experiment, the mean of the AUCs of the 2 wells is calculated for each of the forskolin
concentrations and modulators used. The experiment is repeated on three different days, and
the final AUC reported is the mean (and SEM) of the AUCs from the three experiments. The
final graph summarizes the changes in AUC for each forskolin concentration and modulator

(combination).

Supplementary discussion
Supplementary information about rare mutations analyzed in this study

The results on CFTR rescue in the organoids of CF patients with different rare mutations
observed in this study correlates well with the position, structural and functional information

previously reported about these mutations, as described below.

Mutation E92K [1], located in the first transmembrane (TM1) part of membrane spanning
domain 1 (MSD) is thought to abrogate a salt bridge needed for correct protein folding [2].
CFTR function was rescued by lumacaftor in the organoids, suggesting E92K is a class Il

mutation, concurring with results in heterologous cells systems [2,3] showed to be a



processing/trafficking mutant as E60K [4]. E92K was also rescued by correctors GLP2222 [5],

FLD304 and FLD160 [6] supporting the folding defect.

The L159S mutation has been reported in the CFTR1 database in a pancreatic sufficient
patient diagnosed at 3 months of age. Both patients tested in this study are also pancreatic
sufficient, and one has a sweat chloride in the intermediate range in line with a high residual
function observed in the FIS assay. This mutation lies on the first intracellular loop of MSD1
within 5A of a putative docking site for corrector molecules [7]. The Q237E position, also in
MSD1 (TM4), being in a transmembrane domain, may be involved in pore formation. Thus,
there may be alterations in the gating properties of the CFTR channel when this position is
mutated. The FIS assay of this mutant protein showed some residual function but mainly high
rescue of CFTR function with ivacaftor, which may reflect the rescue of the putative gating
defect.

We found residual CFTR function and rescue of function by ivacaftor and lumacaftor- ivacaftor
in F508del/R334W organoids. The R334W mutation, located in TM6 of MSD1, reduced single-
channel conductance by ~60% by impeding ion-ion interactions within the CFTR pore [8], thus
suggesting disturbed gating or conductance. This is in agreement with the FIS results where
most of the CFTR rescue came from ivacaftor. In contrast, in FRT cells, this mutation is
reported as associated with normal CFTR expression, but very low function and no rescue of
function by ivacaftor [9]. Hence assessment of benefit from modulators seems needed in

subjects.

We noted moderate responses to ivacaftor in organoids with mutations A455E, D1152H,
3849+10Kb C>T and R117C. Also when expressed in FRT cells, these mutations have >10%
improvement in CFTR function [9], findings that led to FDA approval for ivacaftor treatment for
these mutations [10].

We observed considerable residual function for mutation E831X, however no rescue with the
modulators, in accordance with E831X being a splicing mutation that induces exon 14b

skipping in 76% of transcripts, a premature stop codon in 16% and lack of one amino acid in



8% [11]. The latter transcripts result in a functional protein, that may be responsible for this

residual function observed in organoids homozygous for this mutation.

We found almost no response to modulators in 11234V/W1282X organoids although in CFTR2,
11234V is annotated as having 107% expression and 40% of wild type function in FRT cells.
In fact, other studies already showed that this is not a missense mutation but a splicing
mutation and the resulting truncated protein lacking 6 amino acid from the N-terminal portion

of second nucleotide binding domain (NBD2) has very low function [12,13].

Organoid results for mutations R334W and E831X contradict findings in FRT cells.
Discrepancies between findings in organoids and FRT cells have been reported before. Based
on data in FRT cells, mutation G970R was included in the clinical trial assessing the effect of
ivacaftor in patients with non G551D gating mutations. However, a benefit was seen in all
subjects except those with the G970R mutation [14]. Subsequently rescue of CFTR function
by ivacaftor was proven absent in organoids of patients with the G970R mutation and the
mutation was proven to induce alternative splicing [15]. This demonstrates the superiority of
using the patients’ own tissue rather than heterologous expression of mutations in non-human

cell lines.

We highlight 2 non-characterized non-responding/swelling mutations, 1648 1652dupATCAT
and K464E. The duplication 1648 1652dupATCAT induces alterations in the reading frame
leading to a premature stop codon and resulting in no production of normal CFTR protein. In
K464 (lysine) localized in the walker A region of the first nucleotide binding domain is
completely conserved in CFTR sequences across different species [16]. This amino acid is

thought crucial for the ATP binding [17].

Lumacaftor and ivacaftor was the treatment used for all the analysis in the paper except for
the patients that were treated clinically, for which the FIS assays were done posteriorly and at

that time were already using tezacaftor (also 3uM) and ivacaftor. The number of assays done



with teza/iva combination was very reduce, not allowing similar correlation as the ones done

for the lumaliva.

References:

1.

10.

11.

12.

13.

Nunes V, Chillon M, Dérk T, Timmler B, Casals T, Estivill X. A new missense mutation (E92K) in
the first transmembrane domain of the CFTR gene causes a benign cystic fibrosis phenotype.
Hum Mol Genet. 1993 Jan 1;2(1):79-80.

Ren HY, Grove DE, De La Rosa O, Houck SA, Sopha P, Van Goor F, et al. VX-809 corrects
folding defects in cystic fibrosis transmembrane conductance regulator protein through action on
membrane-spanning domain 1. Mol Biol Cell. 2013 Oct 1;24(19):3016-24.

Han ST, Rab A, Pellicore MJ, Davis EF, McCague AF, Evans TA, et al. Residual function of cystic
fibrosis mutants predicts response to small molecule CFTR modulators. JCI Insight [Internet].
2018 Jul 25 [cited 2019 Jul 9];3(14).

Gené GG, Llobet A, Larriba S, Semir D de, Martinez |, Escalada A, et al. N-terminal CFTR
missense variants severely affect the behavior of the CFTR chloride channel. Hum Mutat.
2008;29(5):738-49.

de Wilde G, Gees M, Musch S, Verdonck K, Jans M, Wesse A-S, et al. Identification of
GLPG/ABBV-2737, a Novel Class of Corrector, Which Exerts Functional Synergy With Other
CFTR Modulators. Front Pharmacol [Internet]. 2019 [cited 2019 Jul 9];10.

Poster Session Abstracts. Pediatr Pulmonol. 2015 Oct 1;50(S41):S193-453.

Molinski SV, Shahani VM, Subramanian AS, MacKinnon SS, Woollard G, Laforet M, et al.
Comprehensive mapping of cystic fibrosis mutations to CFTR protein identifies mutation clusters
and molecular docking predicts corrector binding site. Proteins. 2018;86(8):833—43.

Wang Y, Wrennall JA, Cai Z, Li H, Sheppard DN. Understanding how cystic fibrosis mutations
disrupt CFTR function: From single molecules to animal models. Int J Biochem Cell Biol. 2014 Jul
1;52:47-57.

Van Goor F, Yu H, Burton B, Hoffman BJ. Effect of ivacaftor on CFTR forms with missense
mutations associated with defects in protein processing or function. J Cyst Fibros. 2014
Jan;13(1):29-36.

Durmowicz AG, Lim R, Rogers H, Rosebraugh CJ, Chowdhury BA. The U.S. Food and Drug
Administration’s Experience with Ivacaftor in Cystic Fibrosis. Establishing Efficacy Using In Vitro
Data in Lieu of a Clinical Trial. Ann Am Thorac Soc. 2017 Oct 11;15(1):1-2.

Hinzpeter A, Aissat A, Sondo E, Costa C, Arous N, Gameiro C, et al. Alternative Splicing at a
NAGNAG Acceptor Site as a Novel Phenotype Modifier. PLoS Genet [Internet]. 2010 Oct 7 [cited
2019 Jul 18];6(10). Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2951375/

Ramalho AS, Clarke LA, Sousa M, Felicio V, Barreto C, Lopes C, et al. Comparative ex vivo, in
vitro and in silico analyses of a CFTR splicing mutation: Importance of functional studies to
establish disease liability of mutations. J Cyst Fibros. 2016 Jan 1;15(1):21-33.

Molinski SV, Gonska T, Huan LJ, Baskin B, Janahi IA, Ray PN, et al. Genetic, cell biological, and
clinical interrogation of the CFTR mutation ¢.3700 A&gt;G (p.lle1234Val) informs strategies for
future medical intervention. Genet Med. 2014 Aug;16(8):625-32.



14,

15.

16.

17.

De Boeck K, Munck A, Walker S, Faro A, Hiatt P, Gilmartin G, et al. Efficacy and safety of ivacaftor
in patients with cystic fibrosis and a non-G551D gating mutation. J Cyst Fibros. 2014
Dec;13(6):674-80.

Fidler MC, Sullivan JC, Boj SF, Vries R, Munck A, Higgins M, et al. WS18.5 Evaluation of the
contributions of splicing and gating defects to dysfunction of G970R-CFTR. J Cyst Fibros. 2017
Jun 1;16:S31.

Chen J-M, Cutler C, Jacques C, Boeuf G, Denamur E, Lecointre G, et al. A Combined Analysis of
the Cystic Fibrosis Transmembrane Conductance Regulator: Implications for Structure and
Disease Models. Mol Biol Evol. 2001 Sep 1;18(9):1771-88.

Hwang T-C, Sheppard DN. Gating of the CFTR CI- channel by ATP-driven nucleotide-binding
domain dimerisation. J Physiol. 2009 May 15;587(Pt 10):2151-61.



