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ABSTRACT Small-molecule therapies that restore defects in cystic fibrosis transmembrane conductance
regulator (CFTR) gating (potentiators) or trafficking (correctors) are being developed for cystic fibrosis
(CF) in a mutation-specific fashion. Options for pharmacological correction of CFTR-p.Phe508del
(F508del) are being extensively studied but correction of other trafficking mutants that may also benefit
from corrector treatment remains largely unknown.

We studied correction of the folding mutants CFTR-p.Phe508del, -p.Ala455Glu (A455E) and
-p.Asn1303Lys (N1303K) by VX-809 and 18 other correctors (C1–C18) using a functional CFTR assay in
human intestinal CF organoids.

Function of both CFTR-p.Phe508del and -p.Ala455Glu was enhanced by a variety of correctors but no
residual or corrector-induced activity was associated with CFTR-p.Asn1303Lys. Importantly, VX-809-
induced correction was most dominant for CFTR-p.Phe508del, while correction of CFTR-p.Ala455Glu was
highest by a subgroup of compounds called bithiazoles (C4, C13, C14 and C17) and C5.

These data support the development of mutation-specific correctors for optimal treatment of different
CFTR trafficking mutants, and identify C5 and bithiazoles as the most promising compounds for
correction of CFTR-p.Ala455Glu.
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Introduction
Loss-of-function mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene cause
the autosomal-recessive disorder cystic fibrosis (CF). Whereas therapies for CF have historically targeted
disease symptoms, novel therapies are being developed that target mutation-specific defects of the CFTR
protein, such as repair of 1) CFTR apical trafficking by correctors (e.g. VX-809) [1] and 2) CFTR gating
by potentiators (e.g. VX-770) [2].

Most correctors have been identified from screens using CFTR-p.Phe508del (F508del), the most common
trafficking mutant expressed by ∼90% of all CF subjects [3]. Recently, the corrector VX-809 (lumacaftor)
has been clinically approved for p.Phe508del homozygous subjects in combination with VX-770 (ivacaftor/
Kalydeco) [4, 5], demonstrating for the first time that mutation-specific corrector therapy is feasible.
Multiple correctors that have been identified in previous screens for p.Phe508del, but failed to reach the
clinical phase, are distributed by Cystic Fibrosis Foundation Therapeutics (CFFT) (Bedford, MA, USA) for
experimental purpose (termed C1–C18) [6–12]. While corrector-based treatment options are being
extensively studied for CFTR-p.Phe508del, the efficacy of known correctors for other trafficking mutants
remains largely unknown and has thus far not been studied in primary epithelial CF cells.

We have recently developed an assay in human primary intestinal organoids [13–15] to study residual and
drug-corrected function of mutant CFTR [14, 16]. Forskolin-induced swelling (FIS) of organoids
quantitates CFTR function in a subject-specific manner, and was used to characterise correction of the
trafficking mutants CFTR-p.Phe508del, -p.Ala455Glu (A455E) or -p.Asn1303Lys (N1303K) by VX-809
and C1–C18.

Methods
Compounds
VX-809 (Selleck Chemicals LLC, Houston, TX, USA) and C1–C18 (CFFT) were ordered as dry powder.
Dimethylsulfoxide stock solutions (10 mM for C2 and 20 mM for all other compounds) were prepared
simultaneously for all compounds, stored at −80°C and used within 6 months after storage. Stock
solutions were refrozen (−20°C) a maximum of two times or stored at −20°C, maximally for 1 month.

Human material
Approval for this study was obtained by the Ethics Committee of the University Medical Centre Utrecht
(Utrecht, the Netherlands) and the Erasmus Medical Centre Rotterdam (Rotterdam, the Netherlands).
Informed consent was obtained from all subjects participating in the study. Organoids from healthy controls
and CF subjects (CFTR genotypes indicated in figure 1) were generated from four rectal suction biopsies after
intestinal current measurements obtained 1) during standard CF care, 2) for diagnostic purposes or 3) during
voluntary participation in studies.

Crypt isolation and organoid culture from rectal suction biopsies
Methods were slightly adapted from protocols described previously [14, 16]. In short, crypts were isolated
and seeded in 50% Matrigel (growth factor reduced, phenol-free; BD Biosciences, Breda, the Netherlands)
in 24-well plates (∼10–30 crypts in three 10-μL matrigel droplets per well). Growth medium [16] was
further supplemented with Primocin (diluted 1 in 500; InvivoGen, Toulouse, France). Vancomycin and
gentamycin (both from Sigma, Zwijndrecht, the Netherlands) were added during the first week of culture.
The medium was refreshed every 2–3 days and organoids were passaged ∼1 in 5 every 7–10 days.

The FIS assay
Methods to measure forskolin-induced organoid swelling described previously [16] were slightly adapted.
In short, rectal CF organoids (passage 1–30) from a 7–10-day-old culture were seeded in a flat-bottom
96-well culture plate (Nunc, Rochester, NY, USA) in 5 μL 50% Matrigel commonly containing 20–80
organoids immersed in 100 μL complete culture medium, with or without 3 μM VX-809 or C1–C18 at
concentrations as indicated in figure 2. 1 day after seeding, organoids were incubated for 30 min with
3 μM calcein green (Invitrogen, Carlsbad, CA, USA) in complete culture medium. After calcein green
staining, forskolin was added at concentrations as indicated in the figures and organoids were directly
analysed by confocal live cell microscopy (LSM710 (Zeiss, Oberkochen, Germany), 5× objective) for
60 min (p.Phe508del/p.Phe508del and p.Phe508del/p.Ala455Glu) or 120 min (p.Phe508del/class I and
p.Phe508del/p.Asn1303Lys). Two (figures 1 and 2) or three (figure 3) wells were used per condition. Per
individual, each experiment was repeated at three to five different time-points.

Quantification of FIS
Forskolin-stimulated organoid swelling was automatically quantified using Volocity imaging software
(Improvision, Coventry, UK). The total organoid area (xy-plane) increase relative to t=0 min of forskolin
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FIGURE 1 Definition of optimal assay conditions for intestinal organoids expressing distinct cystic fibrosis transmembrane conductance regulator (CFTR)
mutations. a) Western blot detection of immature (B-band) and mature (C-band) CFTR in organoids with various CFTR genotypes. b) Time tracing of the
forskolin-induced surface area increase relative to t=0 min (normalised area) of p.Phe508del/p.Ala455Glu organoids at different forskolin concentrations
averaged from two independent wells. c) Forskolin-induced swelling of organoids expressing various CFTRmutations with or without 24 h pre-treatment
with VX-809 (3 μM), expressed as the absolute area under the curve (AUC) calculated from time tracings shown in (b) (baseline 100%, t=60 min). The
class I mutations include p.Glu60X (E60X), p.Gly542X (G542X), p.Arg1162X (R1162X) and p.Ser18ArgfsX16 (DELE2,3). n-values represented the number of
CF subjects; each subject was measured at two to five independent culture time-points in duplicate. d) Representative confocal images of calcein
green-labelled CF organoids with or without 24 h pre-treatment with VX-809 at the indicated time-points of forskolin stimulation. Scale bar=100 μm.
e) Example time tracing of VX-809 (3 μM)-corrected organoids stimulated with 0.5 or 5 μM forskolin and analysed for 60 or 120 min, depending on the
CFTR genotype. Data were averaged from two independent wells. All data are presented as mean±SD. DMSO: dimethylsulfoxide.
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treatment was calculated and averaged from two individual wells per condition. In some cases, cell debris
and unviable structures were manually excluded based on criteria described in detail in a standard
operating procedure. The area under the curve (AUC) (t=60 or 120 min, baseline 100%) was calculated
using Prism (GraphPad, La Jolla, CA, USA).

Western blot analysis
Organoids that were untreated or treated with VX-809 or C17 were lysed in Laemmli buffer supplemented
with complete protease inhibitor tablets (Roche, Almere, the Netherlands). Lysates were analysed by
SDS-PAGE and electrophoretically transferred to a polyvinylidene difluoride membrane (Millipore,
Billerica, MA, USA). The membrane was blocked with 5% milk protein in Tris-buffered saline–Tween
(0.3% Tween, 10 mM Tris (pH 8) and 150 mM sodium chloride in water) and probed for 3 h at room
temperature with mouse monoclonal E-cadherin-specific (1 in 10000 dilution; BD Biosciences) or
CFTR-specific antibodies (Cystic Fibrosis Folding Consortium 450, 570 and 596; 1 in 3000 dilution;),
followed by incubation with horseradish peroxidase-conjugated secondary antibodies and enhanced
chemiluminescence development.

Results
Defining optimal assay conditions for intestinal organoids expressing distinct CFTR mutations
To define optimal assay conditions for organoids expressing different CFTR mutations, swelling of
organoids derived from subjects homozygous for p.Phe508del, or compound heterozygous for p.Phe508del
and p.Ala455Glu, p.Asn1303Lys or a class I (resulting in no functional CFTR protein) mutation was
assessed at five different forskolin concentrations with or without VX-809 (figure 1). We first confirmed
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FIGURE 2 Definition of optimal corrector concentrations for cystic fibrosis transmembrane conductance regulator (CFTR)-p.Phe508del.
Forskolin-induced swelling (FIS) of p.Phe508del homozygous organoids pre-treated for 24 h with VX-809 (3 μM) or titrations of C1–C18, expressed
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folding and trafficking defects in CFTR-p.Phe508del, -p.Ala455Glu and -p.Asn1303Lys by Western blot
analysis, which indicated highly reduced levels of complex-glycosylated CFTR (C-band) compared to
wild-type CFTR organoids (figure 1a). No CFTR expression was detected in organoids expressing two
class I mutations, confirming specificity for CFTR (figure 1a). As described previously [16], organoid
swelling was presented as absolute AUC calculated from 60-min time tracings of the surface area increase
of calcein green-labelled organoids relative to t=0 min (figure 1b and c). The basal and VX-809-induced
swelling was forskolin dose-dependent and highest for p.Phe508del/p.Ala455Glu organoids (figure 1c). FIS
of p.Phe508del/p.Asn1303Lys and p.Phe508del/class I organoids was similar, suggesting that only limited
to no function was associated with p.Asn1303Lys. Based on figure 1c, we selected 0.5 μM forskolin for
p.Phe508del/p.Ala455Glu and 5 μM forskolin for the other genotypes to study corrector effects of C1–C18.
Of note, FIS of p.Phe508del/p.Ala455Glu organoids at 0.5 μM forskolin is mainly conferred by the
CFTR-p.Ala455Glu allele, as the responses of p.Phe508del/class I organoids were near background level
at this forskolin dose (figure 1c). FIS of organoids compound heterozygous for p.Phe508del and
p.Asn1303Lys or a class I mutation was analysed for 120 instead of 60 min to increase assay sensitivity
(figure 1d and e). To conclude, the assay conditions defined here displayed optimal conditions to assess
corrector-repaired FIS of organoids with distinct CFTR folding mutations.

Defining optimal corrector concentrations using CFTR-p.Phe508del homozygous organoids
We next measured FIS of p.Phe508del/p.Phe508del organoids that were treated with VX-809 or different
concentrations of C1-C18 to identify optimal compound dosages (figure 2). The tested dosages for
C1–C18 were based on compound potency data described in the CFFT compound order from or in the
literature. Compared to FIS of uncorrected organoids, we observed a dose-dependent increase in FIS for
most compounds but a similar or reduced FIS for C1, C7, C9, C10, C11 and C16, indicating lack of
functional CFTR-p.Phe508del repair by these compounds (figure 2). Reduced FIS may point to compound
toxicity. One concentration per compound was selected for further analysis based on figure 2 for the
compounds associated with correction or on the literature for the nonfunctional correctors (figure 2). In
conclusion, we identified functional and nonfunctional CFTR-p.Phe508del correctors, and selected optimal
C1–C18 concentrations for efficacy testing using organoids with distinct trafficking mutants.

Correction of CFTR-p.Phe508del, -p.Ala455Glu and -p.Asn1303Lys by VX-809 and C1–C18
To study mutation-specific CFTR repair by correctors, FIS of organoids derived from donors homozygous
for p.Phe508del or compound heterozygous for p.Phe508del and a nonsense mutation, p.Ala455Glu or
p.Asn1303Lys was assessed using assay conditions defined from figures 1 and 2 (figure 3a). The data were
normalised to VX-809 to correct for CFTR mutation-dependent assay differences (figure 3b). In this way,
compounds that selectively act on a specific mutation can be identified. In line with figure 2, all
compounds, except for C1, C7, C9, C10, C11 and C16, corrected FIS of all cultures. The relative correction
patterns of p.Phe508del/p.Phe508del, p.Phe508del/class I and p.Phe508del/p.Asn1303Lys organoids were
comparable (figure 3b), as well as the absolute correction patterns of p.Phe508del/class I and p.Phe508del/
p.Asn1303Lys organoids (figure 3c), indicating that none of the compounds functionally corrected
CFTR-p.Asn1303Lys. Interestingly, FIS was greatly increased by C4, C5, C13, C14 and C17 specifically for
p.Phe508del/p.Ala455Glu organoids, reaching 120–170% of the response to VX-809 (100%), while VX-809
was the most dominant corrector for the other genotypes (figure 3b). Of these p.Ala455Glu-specific
compounds, C5 contains a phenylquinoline group, and C4, C13, C14 and C17 share a bithiazole chemical
structure (www.ebi.ac.uk/chembl/). Swelling was absent in organoids expressing two class I mutations,
indicating corrector-induced FIS is fully CFTR-dependent (figure 3d). Western blot studies indicated that
C17, but not VX-809, increased immature CFTR (B-band) levels for all mutants (figure 3e). With or
without corrector treatment, expression of maturated CFTR-p.Phe508del or CFTR-p.Ala455Glu (C-band)
was near background levels and difficult to evaluate. However, data suggested that VX-809 and C17
increased CFTR-p.Asn1303Lys C-band (figure 3e), which was in contrast with the lack of functional
CFTR-p.Asn1303Lys repair by these correctors (figure 3b and c). Together, these data indicate that
optimal correction of distinct trafficking mutations requires different chemical correctors.

Discussion
We assessed, for the first time, correction of multiple CFTR trafficking mutants in primary cells by
assessment of the FIS assay in rectal organoids using 19 chemical correctors [16, 17]. As residual function
for the different trafficking mutants was different (figure 1c and e), assay conditions were adapted to
enable optimal detection of correction of the various mutants (figure 3a). Organoids with p.Ala455Glu
have considerable residual function and the forskolin dose was reduced to enable optimal detection of
corrector efficacy. In contrast, for p.Phe508del/class I and p.Phe508del/p.Asn1303Lys, the FIS
measurement was prolonged from 60 to 120 min to increase assay sensitivity. Normalisation of the
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corrector-repaired datasets to VX-809 allowed comparison of the four different genotypes and to pinpoint
functional correction specifically to CFTR-p.Ala455Glu or -p.Asn1303Lys (figure 3b).

This approach indicated that repair of CFTR-p.Ala455Glu was highest by a subgroup of four correctors
sharing a bithiazole group and by C5, containing a phenylquinoline group (figure 3b). Recent data already
indicated that corrector-mediated repair of CFTR-p.Ala455Glu function (unpublished obervations) and
expression [18] is feasible, but the preference of certain correctors for CFTR-p.Ala455Glu compared to
CFTR-p.Phe508del has never been shown. These findings suggest that CFTR-p.Ala455Glu and CFTR-p.
Phe508del contain distinct folding defects. Recent observations indicated that the bithiazole C4 acts as a
class II corrector, targeting the nucleotide-binding domain (NBD)2–membrane-spanning domain (MSD)1
interface, which repairs CFTR-p.Phe508del expression and function synergistically when combined with
class I correctors (VX-809) that target the NBD1–MSD2 interface [19]. The specific folding defects and
corrector target domains in CFTR-p.Ala455Glu need to be further defined.

The similarity between the relative (figure 3b) and absolute (figure 3c) correction profiles of p.Phe508del/
p.Asn1303Lys, p.Phe508del/p.Phe508del and p.Phe508del/class I organoids indicate that FIS of
p.Phe508del/p.Asn1303Lys cultures most likely depends on CFTR-p.Phe508del, and that function of
CFTR-p.Asn1303Lys is not restored by any C1–C18 corrector. These data support other findings
demonstrating that CFTR-p.Asn1303Lys could not be functionally repaired by VX-809 or VX-770 in
human intestinal organoids (unpublished observations), Fischer rat thyroid cells [20] and human primary
lung cells [21]. In line with ectopic CFTR expression studies in cell lines [22], increased B-band and
decreased C-band levels were detected for CFTR-p.Asn1303Lys compared to wild-types (figure 1a). In
contrast to the lack of functional CFTR-p.Asn1303Lys repair, protein expression levels of this mutant can
be partially restored by correctors [21] (figure 3e). The inconsistency between correction of processing and
function suggests that either the folding defect in CFTR-p.Asn1303Lys completely blocks its function at
the apical membrane, even when trafficking is partly restored by chemical correctors, or that
complex-glycosylated CFTR-p.Asn1303Lys (C-band) is aberrantly targeted to cellular compartments other
than the apical membrane. Clearly, development of novel treatment strategies is required to repair the
specific defect in CFTR-p.Asn1303Lys that blocks its function.

In conclusion, we studied functional CFTR repair by VX-809 and C1–C18 in primary intestinal CF
organoids with different trafficking mutants, and observed correction of CFTR-p.Phe508del and
-p.Ala455Glu by 13 out of 19 compounds, while none of these compounds restored function of CFTR-
p.Asn1303Lys. Most importantly, C5 and a subgroup of compounds that share a bithiazole chemical
structure achieved highest repair of CFTR-p.Ala455Glu, while correction of CFTR-p.Phe508del was
dominated by VX-809. These data indicate, for the first time in primary human CF cells, that the CFTR
corrector efficacy selectively depends on the type of folding and trafficking defect, and support the
development of mutation-specific corrector strategies that are optimal for distinct CFTR mutants.
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