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Abstract: Individuals with cystic fibrosis (CF) suffer from severe respiratory disease due to a genetic
defect in the cystic fibrosis transmembrane conductance regulator (CFTR) gene, which impairs airway
epithelial ion and fluid secretion. New CFTR modulators that restore mutant CFTR function have
been recently approved for a large group of people with CF (pwCF), but ~19% of pwCF cannot benefit
from CFTR modulators Restoration of epithelial fluid secretion through non-CFTR pathways might
be an effective treatment for all pwCF. Here, we developed a medium-throughput 384-well screening
assay using nasal CF airway epithelial organoids, with the aim to repurpose FDA-approved drugs as
modulators of non-CFTR-dependent epithelial fluid secretion. From a ~1400 FDA-approved drug
library, we identified and validated 12 FDA-approved drugs that induced CFTR-independent fluid
secretion. Among the hits were several cAMP-mediating drugs, including β2-adrenergic agonists.
The hits displayed no effects on chloride conductance measured in the Ussing chamber, and fluid
secretion was not affected by TMEM16A, as demonstrated by knockout (KO) experiments in primary
nasal epithelial cells. Altogether, our results demonstrate the use of primary nasal airway cells
for medium-scale drug screening, target validation with a highly efficient protocol for generating
CRISPR-Cas9 KO cells and identification of compounds which induce fluid secretion in a CFTR- and
TMEM16A-indepent manner.

Keywords: cystic fibrosis; nasal organoids; TMEM16A; screening assay; drug repurposing

1. Introduction

Cystic fibrosis (CF) is a monogenic, recessive disease caused by mutations in the gene
encoding for the cystic fibrosis transmembrane conductance regulator (CFTR) protein.
Currently, 2110 different CFTR gene mutations have been described (http://www.genet.
sickkids.on.ca//, accessed on 13 September 2022), which can be further classified based
on CFTR defect, i.e., impaired CFTR mRNA/protein expression (class I/VII mutations),
protein trafficking (class II) or gating (class III). Depending on the severity of the defect,
CFTR dysfunction leads to impaired secretion of chloride and bicarbonate and subsequently
affects fluid transport and pH regulation of secreted fluid across epithelial tissues [1,2].
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People with CF (pwCF) may therefore experience severe dysfunction of epithelial tissues,
including the respiratory tract, pancreas and liver [3].

Respiratory disease in pwCF is mainly caused by CFTR dysfunction in airway epithe-
lial cells, which disturbs airway surface fluid secretion and causes the accumulation of
thick mucus in the airways. Thick mucus leads to impaired mucociliary clearance, causing
frequent and severe pulmonary infections. Restoring CFTR-dependent fluid secretion in
airway epithelial cells may, therefore, reduce respiratory illness by resolving airway mucus
obstruction. Recently, CFTR triple modulator therapy (elexacaftor/tezacaftor/ivacaftor),
which restores CFTR-dependent anion and fluid secretion in CF airway epithelial cells, has
been approved for pwCF carrying at least one copy of the most common F508del class II
trafficking mutation [4,5]. Furthermore, CFTR potentiator therapy (ivacaftor) can improve
CFTR protein function in pwCF carrying a class III gating mutation [6]. Indeed, current
therapeutic strategies to restore CFTR function highly depend on the type of CFTR defect.
However, there is a remaining unmet need for ~19% of pwCF who are not eligible for CFTR
modulator therapy, and only have access to symptomatic therapies [7]. Importantly, it
was reported that among pwCF who are eligible for these drugs worldwide, only 12% are
actually having access to them [8], given their excessive cost [9].

Alternative therapies to restore epithelial fluid secretion in pwCF who do not respond
to CFTR modulators or do not have access to them may be accomplished in a CFTR-
independent manner by activating other chloride channels and transporters. As this
approach bypasses CFTR, this CFTR-mutation agnostic approach may be suitable for all
pwCF. A promising target for promoting CFTR-independent fluid secretion might be the
calcium-activated chloride channel TMEM16A [10–12]. TMEM16A was chosen because it
is one of the most extensively studied alternative chloride channels and the therapeutic
potential is demonstrated by clinical evaluation of the compound ETD002, which enhances
activity of TMEM16A in pwCF [13]. An alternative approach to modify airway epithelial
fluid homeostasis is through modulation of the epithelial sodium channel ENaC [14,15].
However, clinical interventions targeting ENaC have thus far not yielded clear clinical
benefit [14–16]. A large effort in the field currently aims to identify and prioritize additional
therapeutic targets that modify airway epithelial ion and fluid secretion, independently of
CFTR. However, the study of such pathways and targets in primary airway epithelial cells
remains technically highly challenging due to lack of sufficient throughput in assays and
the inability to efficiently genetically engineer primary airway cells.

In a previous study, we described a method that enables culturing of airway organoids
from minimal-invasive nasal brushings [17]. Nasal organoids resembled a mucociliary
differentiated airway epithelium. Furthermore, organoid swelling was used to measure
epithelial fluid secretion induced by CFTR-modulating drugs, but we also observed CFTR-
independent fluid secretion in organoids from pwCF. Based on this, we proposed that CF
nasal organoids can be used as a platform to identify mechanisms of CFTR-independent
fluid secretion and to identify modulators of such pathways.

Here, we miniaturized the previously described airway organoid fluid secretion
assay to a 384-well plate format to facilitate primary airway epithelial fluid secretion
studies at higher throughput. This assay was then used to screen ~1400 FDA-approved
drugs for agonists of fluid secretion in CF primary nasal airway organoids. A brightfield
image analysis platform was further developed to measure nasal organoid swelling as
result of luminal organoid fluid secretion, based on a previously developed artificial
intelligence-based imaging platform [18]. Finally, we demonstrate an efficient procedure to
generate a gene knockout (KO) in primary nasal epithelium for mode-of-action studies of
validated hits.
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2. Results
2.1. Nasal Organoids from Donors without Functional CFTR Display CFTR-Independent
Fluid Secretion

First, we wanted to confirm that nasal organoids can be used to measure CFTR-
independent fluid secretion as suggested by previous work with F508del/F508del nasal
organoids [17]. Cryopreserved airway basal progenitor cells were fully differentiated at an
air–liquid interface (ALI), followed by formation of nasal organoids from epithelial sheets
of these differentiated ALI cultures (Figure 1A). These organoids (F508del/S1251N) were
well-differentiated, displaying both MUC5AC+ goblet cells and β-tubulin IV+ ciliated cells
(Figure 1B). In line with earlier observations in CF nasal and bronchial organoids [17,19],
nasal organoids from a donor without CFTR function (1811+1G>C/1811+1G>C, a severe
splice mutation) showed intrinsic lumen formation without any stimulation (Figure 1C),
suggesting CFTR-independent epithelial fluid transport. To demonstrate detectable ex-
pression of alternative ion channels and transporters, we conducted qPCR experiments in
nasal organoids from three donors with class I/VII mutations, leading to no CFTR protein
(W1282X/1717-1G>A, R553X/R553X, G542X/CFTRdele2.3 (21 kb)). Here we confirmed de-
tectable mRNA expression of ANO1/TMEM16A, SLC26A9, CLCN2 and ENaC/SCNN1A
(Figure 1D). Interestingly, mRNA expression of some ion channels or transporters is higher
compared to others; however, further research is needed in a larger donor cohort to
demonstrate a relationship between CF disease and alternative ion channel expression.
The same organoids displayed CFTR-independent forskolin-induced swelling (FIS) as
quantified by 2h organoid swelling measurements (Figure 1E–G). Furthermore, organoid
swelling was also observed after stimulation with ATP or Eact, potentially through modu-
lation of calcium-dependent channels or transporters, including TMEM16A and TRPV4
(Figure 1E–G) [20]. Altogether, these findings confirm CFTR-independent fluid secretion in
CF nasal organoids.
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Figure 1. Characterization of CF nasal organoids and CFTR-independent organoid swelling.
(A) Schematic representation of the project workflow from nasal brush towards organoid swelling
experiments; (B) immunofluorescence staining of nasal organoids with the secretory cell marker
MUC5AC (red), ciliated cell marker β-tubulin IV (green) and DAPI (blue) from a CF donor
(F508del/S1251N); (C) brightfield image showing intrinsic lumen formation of unstimulated nasal
organoids from a CFTR-null donor (1811+1G>C/1811+1G>C); (D) mRNA expression in CFTR-null
nasal organoids of the following ion channels/transporters: ANO1 (TMEM16A), SLC26A9, SLC26A4,
CLCN2, SCNN1A and CFTR (n = 3 independent donors; W1282X/1717-1G>A, R553X/R553X,
G542X/CFTRdele2.3 (21 kb)); (E) confocal images of CFTR-null (G542X/CFTRdele2.3(21 kb)) nasal
organoids, stimulated with forskolin (5 µM), ATP (100 µM) or Eact (10 µM) at 0 and 120 min;
(F) quantification of CFTR-null (G542X/CFTRdele2.3(21 kb), n = 5 replicates) nasal organoid swelling
after stimulation with forskolin, ATP or Eact; (G) area under the curve (AUC) plots of nasal organoid
swelling in three CFTR-null donors (n = 3 independent donors; W1282X/1717-1G>A, R553X/R553X,
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G542X/CFTRdele2.3 (21 kb); 2–6 replicates per donor) after stimulation with forskolin, ATP or Eact.
Analysis of difference with control was determined with a one-way ANOVA with Dunnett’s post hoc
test (G). *** p < 0.001, **** p < 0.0001.

2.2. Nasal Organoid Swelling in a 384-Well Plate Format

We next set out to develop a 384-well plate fluid secretion screening assay in nasal
organoids to enable analysis of ion and fluid transport studies at higher throughput. As
calcein green labeling of nasal organoids was technically challenging in this plate for-
mat, we developed an alternative approach for quantifying organoid swelling based on
organoid recognition with OrgaQuant [18]. This is an open-source deep convolutional
neural network, trained to recognize cystic intestinal organoids in brightfield images. To
validate organoid recognition and quantification of organoid swelling in 384-well plates
using OrgaQuant, we determined the effect of the CFTR potentiators VX-770 (ivacaftor) and
PTI-808 (dirocaftor), which both facilitate opening of the CFTR channel, on FIS in CF nasal
organoids with a S1251N CFTR gating mutation. Assay validation was performed in this
particular donor with high responses to CFTR-modulating drugs to obtain a larger range
of organoid swelling measurements. The OrgaQuant model was indeed able to recognize
spherical nasal organoids, and the surface area could be estimated using the OrgaQuant
bounding boxes, assuming organoids had a disk shape (Figure 2A). Moreover, based on par-
ticle tracking, we were able to follow individual organoids over time by live-imaging [21].
Organoid surface areas were subsequently calculated for each time point, linear regression
was performed to determine swell rates for individual organoids and the mean swell rate
of all organoids within a well was calculated (Figure 2B). Based on this quantification
method, we observed a significant increase in FIS of organoids stimulated with VX-770
or PTI-808 compared to vehicle control or forskolin alone (Figure 2C). Furthermore, we
observed a correlation between swell rates that were measured with the OrgaQuant model
and the conventional quantification method with area under the curve (AUC) values from
fluorescent-labeled organoids (Figure 2D,E). In addition to CFTR modulator responses
in FIS, we were able to quantify CFTR-independent Eact-induced swelling in CF nasal
organoids in brightfield images using the OrgaQuant model (Figure 2F). Thus, we conclude
that this newly developed method to quantify organoid swelling in brightfield images is
suitable for fluid secretion assays in a 384-well plate format.
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Figure 2. Quantification of nasal organoid swelling in a 384-well plate format by the OrgaQuant
neural network. (A) Representative brightfield images showing automatic recognition of CF nasal
organoids (F508del/S1251N) with the OrgaQuant model [18]. To examine swelling, organoids were
treated with the vehicle DMSO, forskolin alone (5 µM) or a combination of forskolin (5 µM) with
the CFTR potentiators VX-770 (5 µM) or PTI-808 (1 µM); (B) graphs show percentage change in
surface area relative to t = 0 (100%) of individual organoids, treated with vehicle DMSO, forskolin,
forskolin with VX-770 or forskolin with PTI-808, corresponding to the wells from (A). Each line
represents an individual organoid; (C) swell rates (pixels/time point) of individual organoids from
the wells shown in (A) are displayed (one representative well per condition is shown); (D) analysis of
FIS using the conventional quantification method in fluorescent-labeled organoids, using the same
donor as in (A–C) (n = 1 donor, F508del/S1251N, 2 biological replicates). Organoids were treated
with vehicle DMSO, forskolin (5 µM), forskolin with Vx770 (5 µM) or forskolin with PTI-808 (1 µM).
AUC is used as outcome measurement for organoid swelling; (E) correlation between two analysis
methods for FIS in a similar donor: in the new developed method, organoids in brightfield images
are recognized using OrgaQuant and swell rate (pixels/time point) is used as outcome measurement
for swelling. In the conventional method, fluorescent-labeled organoids are recognized with image
software Zen Blue and AUC values are used as outcome measurement for swelling; (F) swell rates
of individual organoids within a single well stimulated with DMSO or Eact (10 µM) in a CFTR-null
donor (1811+1G>C/1811+1G>C). Analysis of differences was performed using unpaired t-tests (F),
one-way ANOVA wit Tukey post hoc test (C,D) or Pearson correlation (E). ns = non-significant,
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

2.3. Screening of FDA-Approved Drugs in CF Nasal Organoids

Next, we aimed to identify FDA-approved drugs that could induce CFTR-independent
fluid secretion in CF nasal organoids. We conducted a primary screening assay in which we
examined the effect of ~1400 FDA-approved drugs on organoid swell rate over 3 h using
nasal organoids from four pwCF (F508del/F508del, F508del/F508del, F508del/W846X,
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1811+1G>C/1811+1G>C; Figure 3A). These donors had no functional CFTR at the plasma
membrane, due to mutations leading to impaired trafficking, misfolded CFTR or no pro-
duction of CFTR mRNA or protein. Two compounds were combined within a single well of
a 384-well plate to reduce experimental conditions and time, and Eact, a compound known
to activate calcium-dependent fluid secretion, was used as a positive control. Because of
the variation in baseline swelling (without compound) among assay plates and donors
(Figure S1A,B), a plate-normalization step was performed (Figure S1C). After normaliza-
tion, swell rates from different replicates and donors were averaged for all compounds
(Figure 3B). Wells with a plate-normalized swell rate higher than 1, corresponding to
1 interquartile range (IQR) above the median swell rate of all compounds, were defined
as a hit (Figure 3B–E). This resulted in 90 compounds, divided over 45 wells, that were
selected for validation in a secondary screening.
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Figure 3. Primary screening assay of an FDA-approved drug library in CF nasal organoids. (A) ~1400
FDA-approved drugs (3 µM) were screened in a 384-well plate format in nasal organoids from 4 pwCF.
Two compounds were combined in a single well; (B) the graph represents mean plate-normalized
swell rates of four CF donors. A total of 90 compounds (shown in green), divided over 45 wells, with a
plate-normalized swell rate above 1 IQR above the median were selected from the primary screening
assay for the secondary screening assay. Eact (10 µM, shown in blue) was used as positive control (n = 4
independent donors; F508del/F508del, F508del/F508del, F508del/W846X, 1811G+1>C/1811+1G>C,
1–3 replicates per donor); (C) representative brightfield images showing automatic recognition of
nasal organoids (CF: 1811+1G>C/1811+1G>C) using the OrgaQuant model [18]. Examples are
shown from a well containing DMSO as negative control (upper panel) and a well containing FDA
hit compounds (lower panel); (D) graphs show percentage change in surface area relative to t = 0
(100%) of individual organoids, treated with vehicle DMSO (left panel) or FDA hit compounds (right
panel), corresponding to the organoids shown in (C). Each line represents an individual organoid;
(E) quantification of swell rates of individual organoids from the example wells shown in (C,D).
Analysis of differences was performed using an unpaired t-test (E). **** p < 0.0001.

2.4. Identification of Hit Compounds That Induce CFTR-Independent Organoid Swelling

To further identify and validate the hit FDA-approved compounds from the primary
screening assay on their potential to induce CFTR-independent fluid secretion, we con-
ducted a secondary screening assay. This was executed using the conventional 96-well
plate format. Secondary screening was conducted in the same four CF donors as the
primary screening assay, which lack functional CFTR at the plasma membrane, but now
testing only one compound per well (Figure 4A and Figure S2A). Amongst the compounds
that were screened in the secondary screening assay, 12 hit compounds were selected
for further studies (Figure 4B,C). Selection was based on a combination of safety profile,
experience with chronic use in other diseases and effectiveness in the CFTR-null donor
(1811+1G>C/1811+1G>C). Additionally, a selection of compounds with a similar mode-of-
action was made, as many cAMP-inducing compounds, including ß2-adrenergic agonists,
were among the top compounds. Next, to exclude a potential role for residual CFTR func-
tion in mediating nasal organoid swelling by the hit compounds, we conducted a final vali-
dation study in nasal organoids from three other CFTR-null donors (W1282X/1717-1G>A,
R553X/R553X, G542X/CFTRdele2.3 (21 kb)). These experiments were performed with the
conventional swelling assay with fluorescent-labeled organoids in 96-well plate format.
All compounds, except Benidipine, significantly induced swelling of nasal organoids from
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CFTR-null donors (Figure 4D–F). The discrepancy in significance between compounds with
a similar effect size might be due to a higher number of measurements for some compounds,
resulting in higher power for statistics. Differences in the magnitude of organoid swelling
and ranking of the hit compounds between the secondary screening assay (Figure 4B) and
the validation in CFTR null donors (Figure 4D) might be due to the use of different donors
or different compound batches (FDA drug library versus powders).
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Figure 4. Secondary screening assay and validation of FDA hit compounds in CFTR-null donors.
(A) A total of 90 hit compounds identified in the primary screening assay were further validated in
the conventional 96-well plate format with one compound per well; (B) the graph represents mean
plate-normalized swell rates of four donors. Hit compounds were selected based on swell rate and
working mechanism (n = 4 independent donors; F508del/F508del, F508del/F508del, F508del/W846X,
1811G+1>C/1811+1G>C, 3 replicates per donor); (C) overview of the 12 hit compounds with their
working mechanism, disease application and ranking in the secondary screening assay; (D) the 12 hit
compounds were further evaluated in an organoid swelling assay with CFTR-null nasal organoids
(n = 3 independent donors: G542X/CFTRdele2.3(21kb), W1282X/1717-1G>A, R553X/R553X, n = 2–7
measurements per donor). The compounds are ranked based on their effect size in the secondary
screening assay, shown in (B). The conventional image analysis was applied using fluorescent-
labeled organoids. Organoid swelling is shown as AUC values from measurements of 120 min;
(E) representative confocal images of CFTR-null (R553X/R553X) nasal organoids, stimulated with
Terbutaline Sulfate or Alprostadil (both 3 µM) as example of two hit compounds at 0 and 120 min.
(F) Quantification of CFTR-null (R553X/R553X) nasal organoid swelling after stimulation with
Terbutaline Sulfate or Alprostadil (both 3 µM). Differences with baseline are analyzed using a
one-way ANOVA with Dunnett’s post hoc test (D). ns = non-significant, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.

2.5. Generation and Validation of TMEM16A KO Nasal Epithelial Cells

Based on earlier results in swelling assays with the TMEM16A activator ATP (Figure 1E,F),
we hypothesized that TMEM16A may contribute to CFTR-independent nasal or-ganoid
swelling. To further investigate this, we created TMEM16A gene KO nasal epithelial cells
using the CRISPR-Cas9 technology. These TMEM16A KO cells were generated by use of elec-
troporation in nasal cells from three CFTR-null donors (W1282X/1717-1G>A, R553X/R553X,
G542X/CFTRdele2.3 (21 kb)). To enhance efficiency, the TMEM16A locus was targeted using
a mix of three different sgRNAs (Figure 5A). KO efficiency was first validated by DNA gel
electrophoresis (Figure 5B) and Sanger sequencing, which revealed KO efficiencies of 95%,
87% and 88% for the three donors, respectively. Because of the high KO efficiencies, a se-
lection step was not needed, and we therefore continued with a polyclonal cell population.
For optimal validation of the TMEM16A gene KO efficiency, we also characterized cells
that were stimulated with the pro-inflammatory cytokine IL-4, which is known to enhance
TMEM16A expression and function [10,22]. First, TMEM16A protein levels were assessed in
ALI-differentiated KO cells using Western blot under normal and IL-4 treated conditions (for
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48 h). Under both conditions, a near-complete KO phenotype was observed (Figure 5C,D). As
a final functional validation, TMEM16A-dependent chloride conductance was determined in
ALI-differentiated KO nasal cells in Ussing chamber experiments (Figure 5E,F). UTP-induced
short-circuit currents (Isc), which were sensitive to the TMEM16A-inhibitor Ani9, were used as
a measurement of TMEM16A activity [23]. Quantification of the UTP-induced peak currents
showed a partial Ani9-sensitivity in the control cells, suggesting TMEM16A to be responsible
for more than half of the UTP-induced currents. In TMEM16A KO cells, UTP-induced currents
were significantly reduced and not affected by Ani9. As expected, in IL-4-treated control cells,
UTP-stimulated currents were markedly enhanced and inhibited significantly by Ani9. In
IL-4-treated KO cells, UTP-stimulated currents were small, and not affected by Ani9, similar to
non-IL-4 KO cells. Altogether, these results confirm a functional TMEM16A KO in CFTR-null
nasal epithelial cells, which can be further used to examine whether TMEM16A mediates
nasal organoid swelling.
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Figure 5. Generation and validation of TMEM16A KO nasal epithelial cells. CRISPR-Cas9 based
gene editing was used to generate a TMEM16A KO in CFTR-null nasal cells. (A) Graphical overview
showing binding sites of three sgRNA molecules and Sanger sequencing traces after electroporation;
(B) DNA gel showing the PCR-amplified products of the targeted TMEM16A locus for KO and control
samples of 3 CFTR-null donors (G542X/CFTRdele2.3 (21 kb), W1282X/1717-1G>A, R553X/R553X).
Predicted length of the PCR product was 613 bp; (C) representative Western blot for TMEM16A
protein of ALI-differentiated TMEM16A KO and control cells. To increase TMEM16A expression,
some cells were treated with IL-4 for 48 h; (D) quantified band intensity of TMEM16A protein in
Western blots (n = 3 independent donors); (E) functional validation of ALI-differentiated TMEM16A
KO cells with Ussing chamber measurements. TMEM16A activity was determined based on Ani9-
sensitive (1 µM) UTP-induced (100 µM) currents. Representative traces are shown of one donor and
(F) UTP-induced currents were quantified for all donors, with and without Ani9-treatment (n = 3
independent donors). All cells were treated with amiloride and indicated cells were treated with IL-4
for 48 h. Analysis of differences was performed using paired t-tests (D) or a 2-way ANOVA with
Tukey post hoc test (F). ns = non-significant, * p < 0.05, *** p < 0.001, **** p < 0.0001.

2.6. Hit Compounds Induce TMEM16A-Independent Fluid Secretion

Next, we aimed to determine whether the 12 remaining hit compounds induced
swelling of organoids, generated from ALI-differentiated TMEM16A KO nasal cells. We
observed no differences in lumen formation between TMEM16A KO and control organoids
without any stimulation (Figure 6A,B). This suggests no role of TMEM16A in intrinsic lumen
formation of CFTR-null nasal organoids. Next, ATP-induced organoid swelling was stud-
ied, as ATP is known to activate TMEM16A. We did not observe a decline in ATP-induced
swelling in TMEM16A KO organoids in regular organoid culture conditions. In contrast,
ATP-induced organoid swelling was reduced in IL-4-treated TMEM16A KO organoids
(Figure S3A–C). This suggests that ATP-induced swelling mediated by TMEM16A is only
detected upon IL-4-stimulation. Next, we further validated the 12 FDA-approved hit
compounds in TMEM16A KO nasal organoids. However, no significant differences were
observed in swelling between KO and control organoids, suggesting no TMEM16A involve-
ment in epithelial fluid secretion induced by the hit compounds (Figure 6C–E).
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Figure 6. Hit compound validation in TMEM16A KO nasal organoids. (A) Brightfield images
showing intrinsic lumen formation, without any stimulation, in both control and TMEM16A KO
nasal organoids (G542X/CFTRdele2.3(21kb)); (B) quantification of organoid lumen size in control and
knockout organoids (n = 3 independent donors); (C) validation of hit compounds on nasal organoid
swelling in TMEM16A KO and control organoids (n = 3 independent donors, 2–6 measurements
per donor); (D) representative confocal images (G542X/CFTRdele2.3 (21 kb)) of TMEM16A KO
and control nasal organoids, stimulated with Terbutaline Sulfate (3 µM) as example of one of the
hit compounds; (E) quantification of nasal organoid swelling after stimulation with Terbutaline
Sulfate (3 µM) in TMEM16A KO and control organoids (n = 3 independent donors). Analysis of
difference was performed with a paired (B) or unpaired (C) t-test. No significant results were found.
Ns = non-significant.
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2.7. Effect of the Hit Compounds on Chloride Conductance and TMEM16A Activating Effects

We further conducted mode-of-action studies with the hit compounds to determine
effects on chloride conductance and TMEM16A-activating effects. First, the effect of acute
addition of the hits on resting Isc was investigated in ALI-differentiated CFTR-null nasal
cells (W1282X/1717-1G>A, R553X/R553X, G542X/CFTRdele2.3 (21 kb)) by Ussing chamber
measurements (Figure 7A). In contrast to organoid swelling, the hit compounds did not
induce any measurable change in Isc in ALI cultures of corresponding donors (compare
Figure 7A to Figure 4D). We then investigated if the hit compounds had any stimulating
effect on TMEM16A-dependent chloride transport mediated by TMEM16A agonists, i.e.,
UTP, ATP and ionomycin. We first examined the effect of the hit compounds on the response
to a range of UTP concentrations (0.1 to 100 µM) in fully differentiated CFTR-null nasal
epithelial cells with Ussing chamber measurements. However, none of the compounds
enhanced these UTP-induced currents (Figure 7B and Figure S4A). In addition to ALI-
differentiated CFTR-null nasal epithelial cells, TMEM16A-dependent chloride transport
was studied in YFP-quenching assays in two different cell lines. The hit compounds did
not enhance Ani9-sensitive YFP-quenching upon Ionomycin stimulation of CFBE cells
(Figure 7C,D and Figure S4B), nor upon ATP stimulation in a HT-29 cell line (Figure 7E,F).
Altogether, these experiments in other in vitro model systems indicate no effect of the hit
compounds on chloride conductance measured in the Ussing chamber, and the lack of
additional stimulating effect on TMEM16A-dependent chloride transport.
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Figure 7. Effect of the hit compounds on TMEM16A in other in vitro model systems. (A) The effect
of the hit compounds (3 µM) on chloride conductance was determined in Ussing chamber measure-
ments with ALI-differentiated CFTR-null nasal cells (n = 3 independent donors; each compound was
measured in at least 2 different donors; n = 1–6 measurements per donor). No significant differences
were found between one of the compounds and DMSO; (B) assessment whether the hit compounds
(3 µM) enhance UTP-induced currents in Ussing chamber measurements. Experiments were con-
ducted by stimulating different concentrations of UTP with hit compounds in ALI-differentiated
CFTR-null nasal cells (n = 3 independent donors, each compound was measured in at least 2 different
donors; n = 2–3 measurements per donor). No significant results were found between one of the
compounds and DMSO, for any concentration of UTP; (C,D) effect of the 12 hit compounds (3 µM)
on ionomycin-induced (1 µM) iodide influx was assessed with an YFP-quenching assay in CFBE cells.
TMEM16A-dependency was demonstrated with sensitivity for Ani9 (3 and 10 uM, shown in red).
DMSO was used as negative control (shown in green) and Eact (3 and 10 µM) as positive control
(shown in blue). For quantification, quenching rates were normalized to the control; (E,F) effect
of a selection of 6 hit compounds (3 µM) on ATP-induced (5 µM) iodide influx was analyzed in
HT-29-YFP cells. TMEM16A-dependency was demonstrated with sensitivity for Ani9 (10 uM, shown
in red) and DMSO was used as negative control (shown in green). For quantification, quenching rates
were normalized to the control. Analysis of differences were performed with one-way ANOVA and
Dunnett’s post hoc test (A,D,F) or a two-way ANOVA with Dunnett’s post hoc test (B). ** p < 0.01,
**** p < 0.0001.

3. Discussion

In this study, we performed a screening assay in CF nasal organoids, with the aim to
repurpose FDA-approved drugs that stimulate CFTR-independent fluid secretion. Screen-
ing assays in 384-well plate format using airway organoids have been previously been
described by others [24–26] and our protocol was based on a 384-well screening assay for
CFTR-modulating drugs in CF intestinal organoids [27]. However, to our knowledge, this
is the first medium-throughput 384-well screening assay using nasal airway organoids that
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are cultured from minimal invasive nasal brushings of pwCF. In contrast to previously
described assays using airway epithelial cells derived from resected tissues, the use of
nasal organoids enables personalized disease modeling in airway cells of pwCF with any
CFTR genotype.

Of the ~1400 FDA-approved drugs, 12 hit compounds were identified to induce fluid
secretion in CFTR-null nasal organoids, based on assessment of organoid swelling. To
exclude a role of CFTR in nasal organoid swelling, the hit compounds were subsequently
tested in CFTR null nasal organoids. Ideally, the primary and secondary screening assays
would already have been performed in these CFTR null nasal organoids, but these cells
were not yet available at the beginning of the study. The screening assays were, therefore,
performed on some donors with a trafficking mutation. It can be speculated that the
identified compounds induce organoid swelling by restoring CFTR function. However,
we assume this is highly unlikely based on the 2 h compound incubation period, which
is too short to observe CFTR functional repair caused by enhanced protein expression
or trafficking.

To study the possible role of the alternative chloride channel TMEM16A in CFTR-
independent nasal organoid swelling, CRISPR/Cas9 was used to create a TMEM16A KO in
CFTR-null patient-derived nasal epithelial cells. We achieved high KO efficiencies (87–95%)
and a selection step for clonal expansion was, therefore, not required. Despite functional
validation of impaired TMEM16A function in nasal epithelial cells, nasal organoid swelling
induced by the hit compounds was not reduced in TMEM16A KO cells. Further mode-of-
action studies in different in vitro models indicated no direct effect of the hit compounds
on transepithelial ion transport measured in the Ussing chamber, nor any stimulating
effect on TMEM16A-dependent chloride transport, suggesting a TMEM16A-independent
mode-of-action of the hit compounds. In line with previous studies [10,22], we observed
that IL-4 could boost TMEM16A expression and TMEM16A-dependent swelling of CF
nasal organoids in response to ATP. Therefore, nasal organoid culture conditions with IL-4
can potentially be used to more specifically identify TMEM16A activating compounds in
future screening assays.

The discrepancy which was observed between the effects of the hit compounds on
organoid swelling and Ussing chamber measurements can have multiple causes. In the
Ussing chamber, changes in transepithelial ion transport are directly measured as electric
currents, while organoid swelling is an indirect measurement of ion transport. Therefore, in
contrast to electrical currents measured in the Ussing chamber, fluid secretion in organoids
might depend on non-electrogenic transporters, e.g., by the electroneutral Cl−/HCO3

−

exchanger pendrin (SLC26A4) [28,29]. Moreover, ALI-cultured monolayers used in the
Ussing chamber might display differences in the activity of ion channels and transporters
compared to organoids. For instance, the biomechanical properties of the 3D-extracellular
matrix in which organoids are cultured may affect the activity of mechano-sensitive ion
channels, such as TRPV4 that is activated by Eact [20,30]. This would correspond with
observations made in ALI cultures under shear stress, in which CFTR-independent chlo-
ride conductance and fluid secretion are also observed [31]. Additionally, fluid secretion
experiments are cumulative assays that measure ion transport over a 2–3 h time period and
might, therefore, be somewhat more sensitive to detect low signals. To further compare the
differences between organoid and ALI cultures, airway surface liquid depth measurements
and pH regulation studies of ALI-differentiated cells may be performed to examine fluid
transport induced by the hit compounds.

The selection of hit compounds included many cAMP-inducing agents. Besides
CFTR [32] and also TMEM16A [33], it has been described that cAMP can modulate the ac-
tivity of other ion channels and transporters. For instance, cAMP agonists activate the Cl−

channel CLCN2 [34], SLC26A9 [35], the Cl−/HCO3
− exchanger pendrin (SLC26A4) [36],

the Na+/HCO3
− cotransporter NBCE1 [37] and the H+/K+ ATPase HKA2 (ATP12A) [29,38].

Additionally, it has been shown that cAMP modulates the expression of the Cl−/HCO3
−

exchanger type 2 (AE2 or SLC4A2) in airway epithelial cells [29,39,40]. Furthermore,
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cAMP mediates K+ signaling, e.g., by activation of the basolateral membrane K+ chan-
nel KCNQ1 [39,41], which is associated with chloride secretion [42]. Likewise, cAMP
is reported to affect Ca2+ signaling [43] and, therefore, might activate a non-TMEM16A
calcium-activated chloride channel [44]. Lastly, cAMP is described to mediate Na+ trans-
port via the epithelial sodium channel ENaC [45]. Altogether, the mechanism-of-action of
cAMP-enhancing drugs might depend on the interplay among different ion channels and
transporters, which should be investigated in further research. Transcriptomics and pro-
teomics can be performed to identify ion channels or transporters that are highly expressed
in nasal organoids of individuals with CF. This might be followed by the creation of gene
KO cells of these specific ion channels and transporters, to validate their involvement in
CFTR-independent fluid secretion. In addition, studies can be conducted with chemical
inhibitors to elucidate which cellular signaling transduction pathways are activated by the
hit compounds.

Among the cAMP-stimulating hit compounds are multiple β2-agonists, such as Terbu-
taline Sulfate, Salbutamol and Indacaterol Maleate. They seem attractive for drug repurpos-
ing as they are broadly applied as bronchodilator therapy for respiratory diseases. Indeed,
a significant number of pwCF already use bronchodilator inhalation therapy to reduce
respiratory symptoms of airway obstruction [46]. Notably, these β2-agonists are also de-
scribed to enhance CFTR-dependent epithelial permeability in human bronchial epithelial
cells [47] and to induce CFTR-dependent fluid secretion in intestinal organoids [48]. As
we found that they also induce non-CFTR epithelial fluid secretion, they might have a
double positive effect for pwCF. Among the hit compounds, we also observed that the
β2-adrenergic antagonist Labetalol induced organoid swelling. This is potentially by acting
as a partial agonist of the β-adrenoceptor, as previously shown by others [49]. However,
further research is needed to fully understand the working mechanism of Labetalol and
other hit compounds before considering clinical use, as it is preferable to have drugs that
activate specific chloride channels or transporters to prevent systemic side effects. After
elucidating the working mechanisms, further studies can also be conducted to determine
additive or synergistic effects of compounds with different mode of actions.To further
explore the therapeutic potential, additional studies may include comparison of the effect
sizes of the hit compounds with current CFTR modulators, by determining swelling of
organoids from patients that respond to CFTR modulator therapies. Moreover, the effect of
the hit compounds can be determined as add-on therapy together with CFTR modulators.

In summary, we provide proof-of concept of using nasal organoids for medium-
throughput screening and the ability to elucidate the mechanism-of-action of hit compounds
in gene KO cells. We furthermore identified 12 FDA-approved compounds which induce
CFTR- and TMEM16A-independent epithelial fluid secretion in CF nasal organoids and may
potentially be used as treatment for pwCF. Moreover, our pipeline, combining screening
assays in nasal organoids and validation experiments in gene KO cells can be further used
for pre-clinical drug discovery. It can be used to identify novel compounds that activate
alternative ion channels or transporters, which might act as treatment for pwCF who are
not eligible for CFTR modulator therapy.

4. Materials and Methods
4.1. Patient Materials

Nasal brushings were obtained from subjects with CF. All subjects signed informed
consent for use and storage of their cells, which was approved by a specific ethical board
for the use of biobanked materials TcBIO (Toetsingscommissie Biobanks), an institutional
Medical Research Ethics Committee of the University Medical Center Utrecht (protocol
ID: 16/586). Cells were used from 9 pwCF with the following mutations: F508del/S1251N
(Female (F)); F508del/S1251N (Male (M)); W1282X/1717-1G>A (F); R553X/R553X (F);
G542X/Dele2.3 (21kb) (M); F508del/W846X (F); F508del/F508del (M); F508del/F508del
(F); 1811+1G>C/1811+1G>C (F). Nasal brushings were performed by a trained nurse
or physician, as described before [17]. Briefly, the brushings were obtained from both



Int. J. Mol. Sci. 2022, 23, 12657 18 of 25

inferior turbinates using a cytological brush (CooperSurgical, Trumbull, CT, USA) and were
collected in advanced DMEM/F12 (Gibco, Waltham, MA, USA) containing glutaMAX (1%
v/v; Gibco, Waltham, MA, USA), HEPES (10 mM; Gibco, Waltham, MA, USA), penicillin-
streptomycin (1% v/v; Gibco, Waltham, MA, USA) and primocin (50 mg/mL; Invivogen,
San Diego, CA, USA).

4.2. Nasal Epithelial Cell and Organoid Culturing

Nasal epithelial cells were isolated and expanded as described previously [17]. In brief,
cells were scraped off the brush and treated with TrypLE express enzyme (Fisher Scientific,
Landsmeer, The Netherlands), supplemented with Sputolysin (Calbiochem, San Diego,
CA, USA) for 10 min at 37 ◦C. Subsequently, cells were strained with a 100 µM strainer,
centrifugated and plated out in a collagen IV (50 µg/mL; Sigma-Aldrich, St. Louis, MO,
USA)-precoated 6-well culturing plate with basal cell isolation medium (Table S1). Growth
factors (FGF7, FGF10, EGF and HGF) were added fresh to the medium. Medium was
changed three times a week. Antibiotics were withdrawn from the medium after one week
of culturing and cells were further cultured with basal cell expansion medium, including the
γ-secretase inhibitor DAPT (Table S1) until 80–90% confluence. Cells were then passaged
using TrypLE express enzyme and further expanded until confluence. These cells were
frozen as a master cell bank (passage 1) and working cell bank (passage 2) in CryoStor
CS10 freezer medium (STEMCELL technologies, Vancouver, Canada), supplemented with
Y-27632 (5 µM; Selleck chemicals, Planegg, Germany). For experiments, basal cells (passage
3–5) were seeded on 12-well inserts (0.4 µm pore size polyester membrane, 0.5 million cells
per transwell; Corning, Corning, NY, USA), precoated with PureCol (30 ug/mL; Advanced
BioMatrix, Carlsbad, CA, USA) for differentiation at air-exposed conditions. The cells
were first cultured submerged with basal cell expansion medium. When reaching 100%
confluence, medium was changed to ALI differentiation medium (Table S2) supplemented
with A83-01 (500 nM). After 2 days, apical medium was removed to culture the cells at
air-exposed conditions. After 3–4 days at air-exposed conditions, A83-01 was withdrawn
from the medium. Medium was refreshed twice a week, and the apical side of the cells was
washed with PBS once a week. After 14–21 days of culturing at air-exposed conditions, cells
were used for further experiments. In indicated experiments, cells were treated for 48 h
with IL-4 (10 ng/mL; Peprotech, Rocky Hill, NJ, USA) to increase TMEM16A expression.

To obtain nasal organoids, differentiated ALI cultures were apically washed with PBS
and treated with collagenase type II (1 mg/mL; Gibco, Waltham, MA, USA), diluted in
advanced DMEM/F12, at the basolateral side. The cells were incubated for 45–60 min at
37 ◦C until the epithelial layer detached from the transwell. Loose epithelial sheets were
collected in 1 mL advanced DMEM/F12 in a 15 mL tube. The epithelial sheets were then
mechanically disrupted by pipetting and subsequently strained with a 100 µM strainer.
After centrifugation, epithelial fragments were resuspended in ice-cold 75% (v/v) Matrigel
(diluted in airway organoid medium (Table S3); Corning, Corning, NY, USA) and kept on
ice. Then, 30 µL Matrigel droplets were plated out on a pre-warmed 24-well suspension
plate. This plate was placed upside down in a tissue incubator to solidify the Matrigel
droplets for 20–30 min, before adding 500 µL airway organoid medium (supplemented
with FGF7 (5 ng/mL) and FGF10 (10 ng/mL)) per well.

4.3. Organoid Swelling Assay

For the primary screening assay, organoids were transferred to a 384-well plate,
1–3 days after organoid formation. First, organoids were harvested by dissolving the
Matrigel with Cell Recovery Solution (Corning, Corning, NY, USA) during a 10 min incu-
bation step at 4 ◦C. Afterwards, organoids were collected in a tube with ice-cold advanced
DMEM/F12. After centrifugation, organoids were resuspended in 75% (v/v) ice-cold Ma-
trigel (diluted in airway organoid medium) and plated out as 7 µL-droplets in a 384-well
plate. Plates were centrifuged to reach the organoids at the bottom of the wells. Matrigel
droplets were solidified in a tissue incubator for 10 min and subsequently 8 µL airway
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organoid medium supplemented with FGF7 (5 ng/mL) and FGF 10 (10 ng/mL) was
added per well. Plates were covered with a breath sealing membrane (Sigma-Aldrich, St
Louis, MO, USA) to prevent evaporation and incubated overnight at 37 ◦C. The next day,
organoids were stimulated with compounds from an FDA-approved drug library (3 µM;
Selleckchem, Planegg, Germany; ordered in 2016), with two compounds combined in a
single well, which were mixed with a plate shaker. Eact (10 µM; Sigma-Aldrich, St Louis,
MO, USA) was used as positive control and DMSO as negative control. Brightfield pictures
were taken every 15 min for 3 h in total with a 5x objective by confocal microscopy (Zeiss
LSM800) at 95% O2/5% CO2.

For assessment of organoid swelling in a 96-well plate format, 30 µL Matrigel droplets
were scraped from the plate and transferred to tubes with ice-cold advanced DMEM/F12 to
dissolve the Matrigel, 1–3 days after organoid formation. Next, organoids were centrifuged
and resuspended again in ice-cold 75% (v/v) Matrigel to be plated out again in 4 µL droplets
in a pre-warmed 96-well plate. The plate was placed in a tissue incubator to solidify the
Matrigel droplets for 15–30 min, before adding 100 µL culturing medium (airway organoid
medium supplemented with FGF7 (5 ng/mL) and FGF10 (10 ng/mL)) per well. For
specified experiments, FGF7 and FGF10 were substituted by IL-4 (10 ng/mL). A swelling
assay was performed 1–2 days after plating out the organoids in a 96-well plate. Organoids
were imaged with fluorescence microscopy or brightfield microscopy. For fluorescence
microscopy, organoids were pre-treated with calcein green AM (3 µM; Invitrogen, Waltham,
MA, USA) for 30 min. Organoids were then stimulated with an agonist (forskolin (5 µM;
Sigma-Aldrich, St Louis, MO, USA), ATP (100 µM; Sigma-Aldrich, St. Louis, MO, USA),
Eact (10 µM), FDA compound (3 µM) or vehicle control) to analyze their effect on epithelial
fluid secretion. Live-imaging with confocal microscopy (Zeiss LSM800) was performed to
visualize the organoids at 37 ◦C and 95% O2/5% CO2. Pictures were taken every 15 min
for 2–3 h in total with a 5× objective. Organoid swelling experiments were performed in
quadruplicates. FIS experiments were performed as described before [17].

4.4. Analysis of Organoid Swelling Assays

Swelling of calcein green AM-labeled organoids was analyzed as described before [17].
Total organoid area per well was determined with Zen Blue image analysis software. This
was used to calculate organoid surface area over time, normalized for t = 0 and with 100%
as baseline. Additionally, AUC values (t = 120 min) were calculated. When indicated,
baseline-corrected AUC values were calculated by subtraction of the AUC values from
DMSO-treated wells from the same experimental plate.

For organoid swelling in experiments without fluorescent-labeled organoids, the Or-
gaQuant convolutional neural network was used to automatically recognize organoids
in brightfield images, by use of the provided code [18]. Organoid surface area was esti-
mated using OrgaQuant bounding boxes, assuming organoids had a disk shape. Particle
tracking [21] was then used to follow individual organoids over 13 time points. Next,
linear regression [50] was used to determine a swell rate for individual organoids and
the mean swell rate of all organoids in a single well was used for further analysis. In-
dividual organoids were excluded from analysis (1) when not recognized in minimal
8 out of13 time points or (2) when the standard error of swell rate was >2.5 pixels/time
point. Plate-normalization was performed to compare swell rates across different plates
and donors by the following formula: (swell ratewell–median swell rateplate)/IQR swell
rateplate, where IQR is the inter quantile range.

4.5. Immunofluorescence Staining and Microscopy

Organoids plated in 30 µL droplets of Matrigel were used for immunofluorescence
staining. Matrigel was dissolved by incubation with Cell Recovery Solution (Corning,
Corning, NY, USA) for 15 min at 4 ◦C. Organoids were then fixed with 4% PFA (Aurion,
Wageningen, Netherlands) for 15 min. Fixed organoids were stored in 70% EtOH or directly
further processed. Organoids were embedded in pre-warmed HistoGel (Epredia, Breda,
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The Netherlands) and dehydrated and embedded in paraffin in a Tissue Processor (Leica).
Next, 3 µM-sections were deparaffinized and antigen retrieval was performed in 10 mM
citrate buffer (pH = 6; Sigma-Aldrich, St Louis, MO, USA) for 10 min. The samples were
then permeabilized in 0.25% (v/v) Triton-X (Sigma-Aldrich, St Louis, MO, USA) in PBS for
10 min and subsequently blocked in 5% (w/v) BSA (Sigma-Aldrich, St Louis, MO, USA)
with 0.03% Triton-X in PBS for 30 min. Next, primary antibodies (Table S4) were incubated
for 90 min and secondary antibodies (Table S4) together with DAPI stain (1:1.000; Sigma-
Aldrich, St Louis, MO, USA) for 45 min, both diluted in blocking buffer. Last, samples
were mounted in Prolong Gold reagent (Thermo Fischer Scientific, Waltham, MA, USA).
Images were acquired using a Leica THUNDER imager with a 40× objective. Images were
processed using Las X software and ImageJ.

4.6. RNA Extraction, cDNA Synthesis and Quantitative Real Time PCR

RNA was extracted from nasal organoids with the RNeasy Mini-Kit (Qiagen, Venlo,
Netherlands) according to the manufacturer’s protocol together with a DNA digestion step
with DNase+ (Qiagen, Venlo, Netherlands). RNA yield was measured using the Qubit
RNA BR assay kit (Thermo Fischer Scientific, Waltham, MA, USA). cDNA was produced
with the iScript™ cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) according to the
manufacturer’s protocol. Quantitative real-time PCR (qPCR) was performed with the iQ™
SYBR® Green Supermix (Bio-Rad, Hercules, CA, USA), specific primers listed in Table S5
and a CFX96 real-time detection machine (Bio-Rad, Hercules, CA, USA). Relative gene
expression normalized to the housekeeping genes ATP5B and RPL13A was calculated using
the software CFX Manager 3.1 (Bio-Rad, Hercules, CA, USA), according to the standard
curve method.

4.7. Gene KO in Airway Epithelial Basal Cells Using CRISPR-Cas9

TMEM16A KO nasal epithelial cells (passage 3, n = 3 independent donors) were created
using CRISPR-Cas9 technology. First, ribonucleoprotein (RNP) complexes were formed by
combining multi-guide sgRNA (30 µM; Synthego, Redwood City, CA, USA), recombinant
2NLS-Cas9 nuclease (20 µM, Synthego, Redwood City, CA, USA) and optiMEM (Invitrogen,
Waltham, MA, USA) supplemented with Y27632 (10 µM), followed by 10 min incubation
at room temperature. Next, 1 million basal epithelial cells were made single cells with
TrypLE express enzyme, and after centrifugation dissolved in optiMEM, supplemented
with Y27632 (10 µM). Cells were then mixed with the RNP complexes, transferred to
cuvettes and electroporated in bulk using a NEPA21 electroporator (Nepa Gene, Ichikawa
City, Japan), according to previously published settings [51]. After electroporation, the
polyclonal cell suspension was resuspended in basal cell expansion medium and plated
out in 12-well plates. For analysis of gene editing efficiency, DNA was isolated according
to the protocol of the Quick-DNA Microprep Kit (Zymo Research, Irvine, CA, USA) and
DNA concentration was measured using the Qubit ds DNA BR assay kit (Thermo Fischer
Scientific, Waltham, MA, USA). Regions of interest were amplified in a PCR reaction with
GoTaq G2 Flexi DNA polymerase (Promega, Madison, WI, USA), and PCR-amplified
samples were run on a 1,2% TBE-agarose gel for size separation. DNA fragments were
excised from the gel, purified according to the Gel Extraction Kit (Qiagen, Venlo, The
Netherlands) and sent for Sanger sequencing. KO efficiency was analyzed with the ICE
analysis tool (www.ice.synthego.com, accessed on 21 January 2021).

4.8. TMEM16A Western Blot

ALI-differentiated cells were dissociated from the transwells with TrypLE express
enzyme, washed twice with cold PBS and dissolved in Laemmli lysis buffer. Protein
concentration was determined using the Pierce BCA Protein Assay Kit (Thermo Fischer
Scientific, Waltham, MA, USA), according to the manufacturer’s protocol. Protein extracts
were separated on 8% SDS-PAGE gels and transferred to a PVDF membrane (immobilon FL;
Sigma-Aldrich, St Louis, MO, USA). Membranes were blocked with 1% (for TMEM16A pro-
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tein) or 5% (for loading controls) (w/v) non-fat milk powder (NFM; Campina, Amersfoort,
Netherlands) in Tris buffer saline with Tween-20 (Merck, Kenilworth, NJ, USA; TBS-T) for
1 h at room temperature. Primary antibodies (Table S5) were incubated overnight at 4 ◦C di-
luted in 0.5% (w/v) NFM/TBS-T. Hsp90 was used as loading control. Secondary antibodies
were incubated for 1 h at room temperature in 0.5% (w/v) NFM/TBS-T. Chemiluminescent
detection was performed using SuperSignal™ West Dura Extended Duration Substrate
(Thermo Fischer Scientific, Waltham, MA, USA) and the Chemidoc Touch Imaging system
(Bio-Rad, Hercules, CA, USA). Quantification of band intensities was performed using
ImageJ and normalized to the loading control hsp90.

4.9. Ussing Chamber Experiments

Nasal epithelial cells differentiated at ALI conditions for 28 days were used for Ussing
chamber measurements. The day before experiments, inserts were washed with sterile PBS
(Thermo Fischer Scientific, Waltham, MA, USA) for 10 min at 37 ◦C, 5% CO2. Epithelial cul-
tures were mounted into the EasyMount Ussing Chamber System (Physiologic Instruments,
Reno, NV, USA) and bathed in an HCO3-KRB solution, containing (in mM): 25 NaHCO3,
115 NaCl, 5 KCl, 1 CaCl2, 1 MgCl2, 5 D-glucose, pH 7.4. The solution was continuously
gassed with 95% O2/5% CO2 and maintained at 37 ◦C. Monolayers were voltage-clamped
to 0 mV. The transepithelial short-circuit current (Isc) was recorded every 10 sec using
Ag–AgCl electrodes in 3M KCl agar bridges, as previously described [52], and results were
normalized to an area of 1 cm2 and expressed as µAmp.cm−2 using the Acquire & Analyze
software (Physiologic Instruments, Reno, NV, USA). Changes in short-circuit current (∆Isc)
were then calculated by averaging 5 time points before and 5 points after the addition
of chemicals. Chemicals were added in the following sequence: FDA compounds (3 µM,
basolateral), amiloride (amil, 10 µM, apical; Sigma-Aldrich, St Louis, MO, USA), Uridine
5′-Triphosphate trisodium salt hydrate (UTP, 0.1–100 µM, apical; Sigma-Aldrich, St Louis,
MO, USA).

4.10. YFP-Quenching Assay

For the YFP-quenching assay in CFBE cells, CFBE parental (null CFTR) cells stably
expressing halide-sensitive YFP (HS-YFP) were cultured in MEM 1× (Corning, Corning,
NY, USA) and 1 mg/mL of Hygromycin B (Sigma-Aldrich, St Louis, MO, USA). Cells were
seeded 50.000 cells/well on clear-bottom 96-well black microplates suitable for high-content
imaging (90 µL per well). Forty-eight hours after plating, cells were washed twice and
incubated for 25 min at 37 ◦C with 65 µL of standard PBS (in mM: 137 NaCl, 2.7 KCl,
8.1 Na2HPO4, 1.5 KH2PO4, 1 CaCl2, 0.5 MgCl2, pH 7.4) containing vehicle alone (0.1%
(v/v) DMSO) or with different FDA compounds (3 or 10 µM). After 25 min, the plate was
transferred to a microplate reader (Tecan, Mannedorf, Switzerland). Each assay consisted
of a continuous 12 s fluorescence reading—2 s before and 10 s after injection of 170 µL of
iodide-rich PBS (in mM: 137 KI, 2.7 KCl, 8.1 Na2HPO4, 1.5 KH2PO4, 1 CaCl2, 0.5 MgCl2,
pH 7.4) containing 1 µM of Ionomycin (Sigma-Aldrich, St Louis, MO, USA). Each well was
normalized to their own initial fluorescence and linear fits were performed for each point.
The fluorescence quenching rate (QR) represents the steepest slope within the different
slopes previously calculated.

For the YFP-quenching assay in HT-29 cells, stably expressing the iodide-sensitive
enhanced yellow fluorescent protein (eYFP-I152L), cells were plated in transparent 96-well
plates. After 24 h of culturing to 80–90% confluence, they were incubated with or without
FDA compounds (3 µM) in a gluconate-substituted Ringer solution (in mM: NaCl 100, Na-
Gluconate 40, KCl 5, MgCl2 · 6 H2O 1, CaCl2 · 2 H2O 2, Glucose 10, HEPES 10). Iodide was
added as a symmetrical iodide-substituted Ringer solution (in mM: NaCl 100, NaI 40, KCl 5,
MgCl2 · 6 H2O 1, CaCl2 · 2 H2O 2, D-Glucose 10, HEPES 10) and 5 µM ATP was then added
acutely in the final 1:1 mixed Ringer solution (NaCl 100, Na-Gluconate 20, NaI 20, KCl 5,
MgCl2 · 6 H2O 1, CaCl2 · 2 H2O 2, D-Glucose 10, HEPES 10). The final iodide concentration
on each well was 20 mM for every experiment. Total intracellular YFP-fluorescence intensity
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in each well was measured continuously with a fluorescence microplate reader (NOVOstar,
BMG Labtech, Ortenberg, Germany) kept at 37 ◦C, using an excitation wavelength of
485 nm and emission detection at 520 nm. Background fluorescence was subtracted and
data were normalized to the initial fluorescence. The initial rate of maximal fluorescence
decay caused by iodide influx was then calculated as a measure of anion conductance.

4.11. Statistical Analysis

For organoid swelling assays, four technical replicates were used per experimental
condition. All results are shown as mean values ± SD from biological replicates, un-
less indicated otherwise. For statistical analyses of differences, an (un)paired t-test or
one/two-way ANOVA with indicated post hoc test were used, as indicated in the figure
legends. p-values < 0.05 were considered as statistically significant. Statistical analyses
were performed using Graphpad Prism 9 or R v.4.0.3.
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Konstan, M.W.; et al. A CFTR Potentiator in Patients with Cystic Fibrosis and the G551D Mutation. N. Engl. J. Med. 2011,
365, 1663–1672. [CrossRef]

7. Annual Reports | European Cystic Fibrosis Society (ECFS). Available online: https://www.ecfs.eu/projects/ecfs-patient-registry/
annual-reports (accessed on 16 August 2022).

8. Guo, J.; Garratt, A.; Hill, A. Worldwide Rates of Diagnosis and Effective Treatment for Cystic Fibrosis. J. Cyst. Fibros. 2022,
21, 456–462. [CrossRef]

9. Guo, J.; Wang, J.; Zhang, J.; Fortunak, J.; Hill, A. Current Prices versus Minimum Costs of Production for CFTR Modulators.
J. Cyst. Fibros. 2022, S1569–S1993. [CrossRef]

10. Caputo, A.; Caci, E.; Ferrera, L.; Pedemonte, N.; Barsanti, C.; Sondo, E.; Pfeffer, U.; Ravazzolo, R.; Zegarra-Moran, O.;
Galietta, L.J.V. TMEM16A, a Membrane Protein Associated with Calcium-Dependent Chloride Channel Activity. Science 2008,
322, 590–594. [CrossRef]

11. Yang, Y.D.; Cho, H.; Koo, J.Y.; Tak, M.H.; Cho, Y.; Shim, W.S.; Park, S.P.; Lee, J.; Lee, B.; Kim, B.M.; et al. TMEM16A Confers
Receptor-Activated Calcium-Dependent Chloride Conductance. Nature 2008, 455, 1210–1215. [CrossRef]

12. Schroeder, B.C.; Cheng, T.; Jan, Y.N.; Jan, L.Y. Expression Cloning of TMEM16A as a Calcium-Activated Chloride Channel Subunit.
Cell 2008, 134, 1019–1029. [CrossRef] [PubMed]

13. A First in Human Study to Evaluate the Safety, Tolerability and Pharmacokinetics of Single and Multiple Ascending Doses of
Inhaled ETD002 in Healthy Subjects-Full Text View-ClinicalTrials.Gov. Available online: https://clinicaltrials.gov/ct2/show/
NCT04488705 (accessed on 31 August 2022).

14. Moore, P.J.; Tarran, R. The Epithelial Sodium Channel (ENaC) as a Therapeutic Target for Cystic Fibrosis Lung Disease. Expert
Opin. Ther. Targets 2018, 22, 687–701. [CrossRef] [PubMed]

15. Mall, M.A. ENaC Inhibition in Cystic Fibrosis: Potential Role in the New Era of CFTR Modulator Therapies. Eur. Respir. J. 2020,
56, 2000946. [CrossRef] [PubMed]

16. Goss, C.H.; Fajac, I.; Jain, R.; Seibold, W.; Gupta, A.; Hsu, M.-C.; Sutharsan, S.; Davies, J.C.; Mall, M.A. Efficacy and Safety of
Inhaled ENaC Inhibitor BI 1265162 in Patients with Cystic Fibrosis: BALANCE-CF 1, a Randomised, Phase II Study. Eur. Respir. J.
2022, 59, 2100746. [CrossRef] [PubMed]

17. Amatngalim, G.D.; Rodenburg, L.W.; Aalbers, B.L.; Raeven, H.H.; Aarts, E.M.; Sarhane, D.; Spelier, S.; Lefferts, J.W.; Silva, I.A.L.;
Nijenhuis, W.; et al. Measuring Cystic Fibrosis Drug Responses in Organoids Derived from 2D Differentiated Nasal Epithelia. Life
Sci. Alliance 2022, 5, e202101320. [CrossRef] [PubMed]

18. Kassis, T.; Hernandez-Gordillo, V.; Langer, R.; Griffith, L.G. OrgaQuant: Human Intestinal Organoid Localization and Quantifica-
tion Using Deep Convolutional Neural Networks. Sci. Rep. 2019, 9, 12479. [CrossRef]

19. Sachs, N.; Papaspyropoulos, A.; Zomer-van Ommen, D.D.; Heo, I.; Böttinger, L.; Klay, D.; Weeber, F.; Huelsz-Prince, G.;
Iakobachvili, N.; Amatngalim, G.D.; et al. Long-term Expanding Human Airway Organoids for Disease Modeling. EMBO J. 2019,
38, e100300. [CrossRef]

20. Genovese, M.; Borrelli, A.; Venturini, A.; Guidone, D.; Caci, E.; Viscido, G.; Gambardella, G.; di Bernardo, D.; Scudieri, P.;
Galietta, L.J.V. TRPV4 and Purinergic Receptor Signalling Pathways Are Separately Linked in Airway Epithelia to CFTR and
TMEM16A Chloride Channels. J. Physiol. 2019, 597, 5859–5878. [CrossRef]

21. Allan, D.B.; Caswell, T.; Keim, N.C.; van der Wel, C.M.; Verweij, R.W. Soft-Matter/Trackpy: Trackpy v0.5.0. 2021. Available
online: https://zenodo.org/record/4682814#.Y0_QNuRBxPY (accessed on 3 January 2020). [CrossRef]

22. Scudieri, P.; Caci, E.; Bruno, S.; Ferrera, L.; Schiavon, M.; Sondo, E.; Tomati, V.; Gianotti, A.; Zegarra-Moran, O.; Pedemonte,
N.; et al. Association of TMEM16A Chloride Channel Overexpression with Airway Goblet Cell Metaplasia. J. Physiol. 2012,
590, 6141–6155. [CrossRef]

23. Seo, Y.; Lee, H.K.; Park, J.; Jeon, D.K.; Jo, S.; Jo, M.; Namkung, W. Ani9, A Novel Potent Small-Molecule ANO1 Inhibitor with
Negligible Effect on ANO2. PLoS ONE 2016, 11, e0155771. [CrossRef]

24. Hynds, R.E.; Butler, C.R.; Janes, S.M.; Giangreco, A. Expansion of Human Airway Basal Stem Cells and Their Differentiation as
3D Tracheospheres. Methods Mol. Biol. 2019, 1576, 43–53. [CrossRef] [PubMed]

25. Hild, M.; Jaffe, A.B. Production of 3-D Airway Organoids from Primary Human Airway Basal Cells and Their Use in High-
Throughput Screening. Curr. Protoc. Stem Cell Biol. 2016, 37, IE.9.1–IE.9.15. [CrossRef] [PubMed]

26. Duan, X.; Tang, X.; Nair, M.S.; Zhang, T.; Qiu, Y.; Zhang, W.; Wang, P.; Huang, Y.; Xiang, J.; Wang, H.; et al. An Airway
Organoid-Based Screen Identifies a Role for the HIF1α-Glycolysis Axis in SARS-CoV-2 Infection. Cell Rep. 2021, 37, 109920.
[CrossRef] [PubMed]

http://doi.org/10.1056/NEJMoa1908639
http://doi.org/10.1016/S0140-6736(19)32597-8
http://doi.org/10.1056/NEJMoa1105185
https://www.ecfs.eu/projects/ecfs-patient-registry/annual-reports
https://www.ecfs.eu/projects/ecfs-patient-registry/annual-reports
http://doi.org/10.1016/j.jcf.2022.01.009
http://doi.org/10.1016/j.jcf.2022.04.007
http://doi.org/10.1126/science.1163518
http://doi.org/10.1038/nature07313
http://doi.org/10.1016/j.cell.2008.09.003
http://www.ncbi.nlm.nih.gov/pubmed/18805094
https://clinicaltrials.gov/ct2/show/NCT04488705
https://clinicaltrials.gov/ct2/show/NCT04488705
http://doi.org/10.1080/14728222.2018.1501361
http://www.ncbi.nlm.nih.gov/pubmed/30028216
http://doi.org/10.1183/13993003.00946-2020
http://www.ncbi.nlm.nih.gov/pubmed/32732328
http://doi.org/10.1183/13993003.00746-2021
http://www.ncbi.nlm.nih.gov/pubmed/34385272
http://doi.org/10.26508/lsa.202101320
http://www.ncbi.nlm.nih.gov/pubmed/35922154
http://doi.org/10.1038/s41598-019-48874-y
http://doi.org/10.15252/embj.2018100300
http://doi.org/10.1113/JP278784
https://zenodo.org/record/4682814#.Y0_QNuRBxPY
http://doi.org/10.5281/ZENODO.4682814
http://doi.org/10.1113/jphysiol.2012.240838
http://doi.org/10.1371/journal.pone.0155771
http://doi.org/10.1007/7651_2016_5
http://www.ncbi.nlm.nih.gov/pubmed/27539459
http://doi.org/10.1002/cpsc.1
http://www.ncbi.nlm.nih.gov/pubmed/27171795
http://doi.org/10.1016/j.celrep.2021.109920
http://www.ncbi.nlm.nih.gov/pubmed/34731648


Int. J. Mol. Sci. 2022, 23, 12657 24 of 25

27. Spelier, S.; de Poel, E.; Ithakisiou, G.N.; Suen, S.W.F.; Hagemeijer, M.C.; Muilwijk, D.; Vonk, A.M.; Brunsveld, J.E.; Kruisselbrink, E.;
van der Ent, C.K.; et al. High-Throughput Functional Assay in Cystic Fibrosis Patient-Derived Organoids Allows Drug
Repurposing. bioRxiv 2022, 2022.07.14.500147. [CrossRef]

28. Hollenhorst, M.I.; Richter, K.; Fronius, M. Ion Transport by Pulmonary Epithelia. J. Biomed. Biotechnol. 2011, 2011, 174306.
[CrossRef]

29. Zajac, M.; Dreano, E.; Edwards, A.; Planelles, G.; Sermet-gaudelus, I. Airway Surface Liquid PH Regulation in Airway Epithelium
Current Understandings and Gaps in Knowledge. Int. J. Mol. Sci. 2021, 22, 3384. [CrossRef]

30. Bayir, E.; Sendemir, A.; Missirlis, Y.F. Mechanobiology of Cells and Cell Systems, Such as Organoids. Biophys. Rev. 2019,
11, 721–728. [CrossRef]

31. Tarran, R.; Button, B.; Picher, M.; Paradiso, A.M.; Ribeiro, C.M.; Lazarowski, E.R.; Zhang, L.; Collins, P.L.; Pickles, R.J.;
Fredberg, J.J.; et al. Normal and Cystic Fibrosis Airway Surface Liquid Homeostasis. The Effects of Phasic Shear Stress and Viral
Infections. J. Biol. Chem. 2005, 280, 35751–35759. [CrossRef]

32. Cheng, S.H.; Rich, D.P.; Marshall, J.; Gregory, R.J.; Welsh, M.J.; Smith, A.E. Phosphorylation of the R Domain by CAMP-Dependent
Protein Kinase Regulates the CFTR Chloride Channel. Cell 1991, 66, 1027–1036. [CrossRef]

33. Lérias, J.; Pinto, M.; Benedetto, R.; Schreiber, R.; Amaral, M.; Aureli, M.; Kunzelmann, K. Compartmentalized Crosstalk of CFTR
and TMEM16A (ANO1) through EPAC1 and ADCY1. Cell. Signal. 2018, 44, 10–19. [CrossRef]

34. Oak, A.A.; Chu, T.; Yottasan, P.; Chhetri, P.D.; Zhu, J.; Du Bois, J.; Cil, O. Lubiprostone Is Non-Selective Activator of CAMP-Gated
Ion Channels and Clc-2 Has a Minor Role in Its Prosecretory Effect in Intestinal Epithelial Cells. Mol. Pharmacol. 2022, 102, 106–115.
[CrossRef] [PubMed]

35. Salomon, J.J.; Spahn, S.; Wang, X.; Füllekrug, J.; Bertrand, C.A.; Mall, M.A. Generation and Functional Characterization of
Epithelial Cells with Stable Expression of SLC26A9 Cl− Channels. Am. J. Physiol. Lung Cell. Mol. Physiol. 2016, 310, L593–L602.
[CrossRef] [PubMed]

36. Garnett, J.P.; Hickman, E.; Burrows, R.; Hegyi, P.; Tiszlavicz, L.; Cuthbert, A.W.; Fong, P.; Gray, M.A. Novel Role for Pendrin
in Orchestrating Bicarbonate Secretion in Cystic Fibrosis Transmembrane Conductance Regulator (CFTR)-Expressing Airway
Serous Cells. J. Biol. Chem. 2011, 286, 41069–41082. [CrossRef] [PubMed]

37. Devor, D.C.; Singh, A.K.; Lambert, L.C.; DeLuca, A.; Frizzell, R.A.; Bridges, R.J. Bicarbonate and Chloride Secretion in Calu-3
Human Airway Epithelial Cells. J. Gen. Physiol. 1999, 113, 743–760. [CrossRef] [PubMed]

38. Laroche-Joubert, N.; Marsy, S.; Luriau, S.; Imbert-Teboul, M.; Doucet, A. Mechanism of Activation of ERK and H-K-ATPase by
Isoproterenol in Rat Cortical Collecting Duct. Am. J. Physiol. Renal Physiol. 2003, 284, F948–F954. [CrossRef]

39. Frizzell, R.A.; Hanrahan, J.W. Physiology of Epithelial Chloride and Fluid Secretion. Cold Spring Harb. Perspect. Med. 2012,
2, a009563. [CrossRef]

40. Ibrahim, S.H.; Turner, M.J.; Saint-Criq, V.; Garnett, J.; Haq, I.J.; Brodlie, M.; Ward, C.; Borgo, C.; Salvi, M.; Venerando, A.; et al.
CK2 Is a Key Regulator of SLC4A2-Mediated Cl−/HCO3

− Exchange in Human Airway Epithelia. Pflugers Arch. Eur. J. Physiol.
2017, 469, 1073–1091. [CrossRef]

41. Kunzelmann, K.; Hübner, M.; Schreiber, R.; Levy-Holzman, R.; Garty, H.; Bleich, M.; Warth, R.; Slavik, M.; Von Hahn, T.; Greger,
R. Cloning and Function of the Rat Colonic Epithelial K+ Channel KVLQT1. J. Membr. Biol. 2001, 179, 155–164. [CrossRef]

42. Smith, P.L.; Frizzell, R.A. Chloride Secretion by Canine Tracheal Epithelium: IV. Basolateral Membrane K Permeability Parallels
Secretion Rate. J. Membr. Biol. 1984, 77, 187–199. [CrossRef]

43. Lee, R.J.; Kevin Foskett, J. CAMP-Activated Ca2+ Signaling Is Required for CFTR-Mediated Serous Cell Fluid Secretion in Porcine
and Human Airways. J. Clin. Investig. 2010, 120, 3137–3148. [CrossRef]

44. Huang, F.; Wong, X.; Jan, L.Y. International Union of Basic and Clinical Pharmacology. LXXXV: Calcium-Activated Chloride
Channels. Pharmacol. Rev. 2012, 64, 1–15. [CrossRef]

45. Yang, L.M.; Rinke, R.; Korbmacher, C. Stimulation of the Epithelial Sodium Channel (ENaC) by CAMP Involves Putative ERK
Phosphorylation Sites in the C Termini of the Channel’s Beta- and Gamma-Subunit. J. Biol. Chem. 2006, 281, 9859–9868. [CrossRef]
[PubMed]

46. Bargon, J.; Viel, K.; Dauletbaev, N.; Wiewrodt, R.; Buhl, R. Short-Term Effects of Regular Salmeterol Treatment on Adult Cystic
Fibrosis Patients. Eur. Respir. J. 1997, 10, 2307–2311. [CrossRef]

47. Unwalla, H.J.; Ivonnet, P.; Dennis, J.S.; Conner, G.E.; Salathe, M. Transforming Growth Factor-B1 and Cigarette Smoke Inhibit the
Ability of B2-Agonists to Enhance Epithelial Permeability. Am. J. Respir. Cell Mol. Biol. 2015, 52, 65–74. [CrossRef]

48. Vijftigschild, L.A.W.; Berkers, G.; Dekkers, J.F.; Zomer-Van Ommen, D.D.; Matthes, E.; Kruisselbrink, E.; Vonk, A.; Hensen, C.E.;
Heida-Michel, S.; Geerdink, M.; et al. B2-Adrenergic Receptor Agonists Activate CFTR in Intestinal Organoids and Subjects with
Cystic Fibrosis. Eur. Respir. J. 2016, 48, 768–779. [CrossRef]

49. Wisler, J.W.; DeWire, S.M.; Whalen, E.J.; Violin, J.D.; Drake, M.T.; Ahn, S.; Shenoy, S.K.; Lefkowitz, R.J. A Unique Mechanism of
Beta-Blocker Action: Carvedilol Stimulates Beta-Arrestin Signaling. Proc. Natl. Acad. Sci. USA 2007, 104, 16657–16662. [CrossRef]
[PubMed]

50. Virtanen, P.; Gommers, R.; Oliphant, T.E.; Haberland, M.; Reddy, T.; Cournapeau, D.; Burovski, E.; Peterson, P.; Weckesser, W.;
Bright, J.; et al. SciPy 1.0: Fundamental Algorithms for Scientific Computing in Python. Nat. Methods 2020, 17, 261–272. [CrossRef]

http://doi.org/10.1016/S1569-1993(22)01376-5
http://doi.org/10.1155/2011/174306
http://doi.org/10.3390/ijms22073384
http://doi.org/10.1007/s12551-019-00590-7
http://doi.org/10.1074/jbc.M505832200
http://doi.org/10.1016/0092-8674(91)90446-6
http://doi.org/10.1016/j.cellsig.2018.01.008
http://doi.org/10.1124/molpharm.122.000542
http://www.ncbi.nlm.nih.gov/pubmed/35680165
http://doi.org/10.1152/ajplung.00321.2015
http://www.ncbi.nlm.nih.gov/pubmed/26801567
http://doi.org/10.1074/jbc.M111.266734
http://www.ncbi.nlm.nih.gov/pubmed/21914796
http://doi.org/10.1085/jgp.113.5.743
http://www.ncbi.nlm.nih.gov/pubmed/10228185
http://doi.org/10.1152/ajprenal.00394.2002
http://doi.org/10.1101/cshperspect.a009563
http://doi.org/10.1007/s00424-017-1981-3
http://doi.org/10.1007/s002320010045
http://doi.org/10.1007/BF01870568
http://doi.org/10.1172/JCI42992
http://doi.org/10.1124/pr.111.005009
http://doi.org/10.1074/jbc.M512046200
http://www.ncbi.nlm.nih.gov/pubmed/16476738
http://doi.org/10.1183/09031936.97.10102307
http://doi.org/10.1165/rcmb.2013-0538OC
http://doi.org/10.1183/13993003.01661-2015
http://doi.org/10.1073/pnas.0707936104
http://www.ncbi.nlm.nih.gov/pubmed/17925438
http://doi.org/10.1038/s41592-019-0686-2


Int. J. Mol. Sci. 2022, 23, 12657 25 of 25

51. Fujii, M.; Matano, M.; Nanki, K.; Sato, T. Efficient Genetic Engineering of Human Intestinal Organoids Using Electroporation. Nat.
Protoc. 2015, 10, 1474–1485. [CrossRef] [PubMed]

52. Saint-Criq, V.; Delpiano, L.; Casement, J.; Onuora, J.C.; Lin, J.H.; Gray, M.A. Choice of Differentiation Media Significantly Impacts
Cell Lineage and Response to CFTR Modulators in Fully Differentiated Primary Cultures of Cystic Fibrosis Human Airway
Epithelial Cells. Cells 2020, 9, 2137. [CrossRef] [PubMed]

http://doi.org/10.1038/nprot.2015.088
http://www.ncbi.nlm.nih.gov/pubmed/26334867
http://doi.org/10.3390/cells9092137
http://www.ncbi.nlm.nih.gov/pubmed/32967385

	Introduction 
	Results 
	Nasal Organoids from Donors without Functional CFTR Display CFTR-Independent Fluid Secretion 
	Nasal Organoid Swelling in a 384-Well Plate Format 
	Screening of FDA-Approved Drugs in CF Nasal Organoids 
	Identification of Hit Compounds That Induce CFTR-Independent Organoid Swelling 
	Generation and Validation of TMEM16A KO Nasal Epithelial Cells 
	Hit Compounds Induce TMEM16A-Independent Fluid Secretion 
	Effect of the Hit Compounds on Chloride Conductance and TMEM16A Activating Effects 

	Discussion 
	Materials and Methods 
	Patient Materials 
	Nasal Epithelial Cell and Organoid Culturing 
	Organoid Swelling Assay 
	Analysis of Organoid Swelling Assays 
	Immunofluorescence Staining and Microscopy 
	RNA Extraction, cDNA Synthesis and Quantitative Real Time PCR 
	Gene KO in Airway Epithelial Basal Cells Using CRISPR-Cas9 
	TMEM16A Western Blot 
	Ussing Chamber Experiments 
	YFP-Quenching Assay 
	Statistical Analysis 

	References

