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SUMMARY
For those peoplewith cystic fibrosis carrying rare CFTRmutations not responding to currently available therapies, there is an unmet need

for relevant tissue models for therapy development. Here, we describe a new testing platform that employs patient-specific induced

pluripotent stem cells (iPSCs) differentiated to lung progenitor cells that can be studied using a dynamic, high-throughput fluores-

cence-based assay of CFTR channel activity. Our proof-of-concept studies support the potential use of this platform, together with a Ca-

nadian bioresource that contains iPSC lines and matched nasal cultures from people with rare mutations, to advance patient-oriented

therapy development. Interventions identified in the high-throughput, stem cell-based model and validated in primary nasal cultures

from the same person have the potential to be advanced as therapies.
INTRODUCTION

Mutations in the CFTR gene can result in the disease called

cystic fibrosis (CF). The major mutation, called F508del,

leads to CFTR protein misassembly, mistrafficking, and

altered function as a phosphorylation-regulated chloride

channel (Cheng et al., 1990; Lukacs and Verkman, 2012;

Qu and Thomas, 1996). Combinations of small-molecule

modulators called correctors, which rescue CFTR protein

misassembly, together with potentiators that augment

CFTR channel activation have been shown to be effective

in improving lung function in individualsharboring thema-

jormutation, F508del (Middleton et al., 2019; Taylor-Cousar

et al., 2017; Wainwright et al., 2015). However, not all indi-

viduals with this mutation show the same level of clinical

improvement, supporting the ongoing need for novel ther-

apy development (Heijerman et al., 2019; Middleton et al.,

2019). In addition, there are multiple, rarer CF-causing mu-

tations, such as nonsense and splicing mutations for which

there are no approved therapies. Given the variability in

transcriptional and translational efficiencies across patient-

specific tissues, the field would be well served by tissue

models that reflect this variability and are scalable to high-

throughput formats to facilitate such therapy development.
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Traditionally, in vitro studies of CF therapies have em-

ployed bronchial epithelial tissue cultures from explanted

CF lungs obtained at the time of transplant. Such cultures

were, and continue to be, very instructive with respect

to understanding the mechanism of modulator activity

and evaluating their efficacy in relevant tissues. The func-

tional consequences of modulator treatment are typically

measured as changes in ion conductance in the Ussing

chamber apparatus (Guerra et al., 2020; Van Goor et al.,

2011; Veit et al., 2018). Although informative, these

methods are low throughput and not readily conducive

to comparative studies of multiple interventions simulta-

neously. In addition, as the cell donor has undergone a

lung transplant, the potential for directing individualized

therapy is limited. Further, for rare mutations, reduced

availability of explanted tissue harboring the appropriate

genotype impedes drug development.

In lieu of bronchial epithelial cells, the development of

other tissue models of CF, including nasal epithelium and

rectal organoids (Berkers et al., 2019; Brewington et al.,

2018; de Winter-de Groot et al., 2020; Dekkers et al.,

2013; Graeber et al., 2020; Pranke et al., 2017; Ramalho

et al., 2021), greatly enhanced studies of the in vitro efficacy

of CFTR modulators in patient-specific tissues. Influential
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papers by Dekkers et al. (Berkers et al., 2019; Fawcett et al.,

2021; Ramalho et al., 2021; Silva et al., 2020, 2021) high-

lighted the potential for the rectal organoid model to facil-

itate drug development and precision medicine for CF.

Stem cells in the rectal mucosa provide a renewable source

of this tissue, and biobanks of intestinal organoids from

CF populations have been created around the world to

enhance CF therapy development. In organoids, CFTR

channel function is measured indirectly as forskolin-

induced organoid swelling. The correlation between

patient-specific organoid responses and the clinical bio-

markers forced expiratory volume in 1 s (FEV1) and sweat

chloride concentrations suggests that organoid swelling

can potentially be used to predict individual therapeutic

outcomes (Berkers et al., 2019; de Winter-de Groot et al.,

2020). However, the variability in organoid shape and

size can lead to variable swelling responses that may limit

its application to high-throughput screening and therapy

discovery (Vonk et al., 2020). Therefore, there is a need

for additional tissuemodels that directly report CFTR chan-

nel function and are potentially amenable to higher-

throughput phenotypic assays.

The use of primary, patient-derived nasal cultures in pre-

clinical studies of CFTR modulators has been highly infor-

mative (Keegan and Brewington, 2021; Laselva et al.,

2021a, 2021b; Oren et al., 2021; Park et al., 2020; Phuan

et al., 2021; Veit et al., 2020). Interestingly, Amaral’s group

demonstrated a correlation between CFTR rescue by CFTR

modulators in primary nasal epithelial cells and those in

rectal organoids from the same individual (Silva et al.,

2021). There are several published accounts of the use of

nasal cultures in validating the relative efficacy of the

new modulator combination in TRIKAFTA for rescuing

F508del-CFTR and certain rare mutations (Laselva et al.,

2021a; Veit et al., 2020). Interestingly, our group and others

observed that patients with the same genotype can exhibit

different in vitro drug responses (de Wilde et al., 2019;

Laselva et al., 2021b; Molinski et al., 2017; Phuan et al.,

2018; Wu et al., 2019). The molecular basis for interpatient

variations in in vitro response size remains unknown, but is

likely a harbinger of the extent of variability in clinical

response size (Berkers et al., 2019; Graeber et al., 2020;

Merkert et al., 2019; Pranke et al., 2017). In fact, patient-

specific in vitro responses to interventions measured in

differentiated nasal epithelial cultures in the Ussing cham-

ber have been correlated with clinical effect size (Pranke

et al., 2017, 2019).

Although primary nasal cultures have the potential to

reflect patient-specific responses to therapeutic interven-

tions, there are limitations to their use for repeated drug

testing. While multiple methods have been developed to

expand brushed nasal cells prior to differentiation at the

air-liquid interface (ALI) in order to enhance testing capac-
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ity using this model (Awatade et al., 2021), the functional

expression of CFTR appears to worsen with progressive

population doublings (Brewington et al., 2018). This prop-

erty is limiting to combinatorial studies of investigational

compounds in these cultures. Further, Ussing chamber

studies of nasal epithelial cultures are low throughput

and time consuming; hence, there is a need to develop a

higher-throughput testing platform of patient-specific

tissue that enables therapy development, particularly for

those CF-causing mutations like W1282X for which no

therapies exist.

Numerous protocols have been developed for the differ-

entiation of CF-patient-derived induced pluripotent stem

cells (iPSCs) to CF-affected lung (Firth et al., 2014; Hawkins

et al., 2017; Huang et al., 2014; McCauley et al., 2017;

Wong et al., 2015), thereby providing the potential for a

renewable source of patient-derived tissue. Although these

methods likely achieve varying proportions of mature lung

cells (Kerschner et al., 2020), functional rescue of F508del-

CFTR chloride channel activity by CFTR modulators was

consistently shown for lung tissue differentiated at the

air-liquid interface using the Ussing chamber assay (Crane

et al., 2015; Hawkins et al., 2021; Wong et al., 2012, 2015).

These findings raise the possibility that the functional

expression of CFTR is not dependent on differentiation to

the fully mature lung epithelium.

Merkert and colleagues (Merkert et al., 2019) engineered

iPSCs to stably express the halide-sensitive yellow fluores-

cent protein (YFP) for the purpose of developing a fluores-

cence-based assay of CFTR function. These engineered

iPSCs were differentiated to intestinal epithelium in a 2D

format, enabling higher-throughput fluorescence-based

studies of the functional expression of F508del-CFTR

before and after CFTR modulators. However, this platform

required genetic engineering to introduce the halide-sensi-

tive YFP, and the assay was relatively insensitive, requiring

augmentation of drug responses by incubation at low, non-

physiological temperatures (Merkert et al., 2019). In the

future, increased sensitivity in phenotypic screens will be

particularly important for discovery of interventions that

target rare CF mutations such as the nonsense mutation

W1282X.

The goal of the current project was to develop a sensitive,

fluorescence-based, medium-to-high-throughput assay of

CFTR channel function for testing interventions targeting

the rare CF-causingmutations. We asked if lung progenitor

epithelium grown on 96 well plates suitable for fluores-

cence-based assays of channel activity expresses functional

CFTR. Further, we were prompted to determine if this plat-

form was sensitive enough to measure CFTR function in

cultures generated from patient-derived iPSCs harboring

the rare mutation W1282X. Finally, using the Canadian

Program for Individualized CF Therapy (CFIT) bioresource



of matched, patient-specific iPSC lines and nasal epithelial

cultures (https://lab.research.sickkids.ca/cfit/cystic-fibrosis-

patients-families-researchers/cell-resources-available/), we

tested the correlation between drug responses measured

in iPSC-derived cultures and responses determined in the

same patient’s primary nasal epithelial cultures. A correla-

tion in these pilot experiments could prompt development

of a new, two-stage preclinical pipeline for developing

personalized medicine for people with CF caused by rare

mutations.
RESULTS

Differentiation of iPSCs to lung progenitor cells in

high-throughput format

Weemployed the protocol developed byWong et al. (Wong

et al., 2015; Figure 1A) to differentiate non-CF andCF iPSCs

to tissue in the early stages of lung development in a 96well

plate format. These cultures remained submerged under

differentiation medium; hence, we refer to them as ‘‘sub-

merged cultures.’’ As shown in immunofluorescence im-

ages (Figure 1B), embryonic stem cells (CA1) differentiated

to this stage express NKX2.1 and SOX9 markers of lung tip

progenitors (Hawkins et al., 2017; Nikolic et al., 2017).

ZO-1 expression supports the claim that the cultures are

epithelial and polarized.

We conducted transcriptomic analyses to further charac-

terize the properties of submerged cultures generated

from iPSCs. Bulk RNA sequencing (RNA-seq) was per-

formed for: (1) an embryonic stem cell line, H1, with three

replicates, and two undifferentiated iPSC lines, each with

three replicate cultures; (2) nine iPSC lines differentiated

under ‘‘submerged’’ conditions to create progenitor lung

cells (four non-CF and five CF); and (3) non-CF differenti-

ated bronchial airway cultures (n = 3) as positive controls

(NIH Tissue Core, University of Iowa) (Figures 1C and

1D). Principal-component analysis (PCA) showed that the

submerged cultures were intermediate (as determined by

PC1) between the iPSCs and differentiated mature bron-

chial epithelium with respect to gene expression of the

100 genes displaying the greatest variability across samples

(Figure 1C). Further, at least with these samples, mutant

CFTR genotypes (with or without a CF-causing mutation)

did not associate with different cell sub-populations.

The heatmap visualization of RNA-seq analysis of the

same cultures is shown in Figure 1D. The map shows the

relative change in expression of genes, clustered according

to developmental stage or cell type with differentiation

from iPSC cultures to day 20 as shown in Figure 1A. First,

we noticed that there was considerable variation among

the patient-specific lines with respect to gene expression

associated with early lung development. Although there
was a variable increase in NKX2.1, the increase in SOX9

expression was more consistent with differentiation to

stage 3b under submerged conditions. With reference to

the gene expression changes reported using the protocol

for direct lung differentiation published by Hawkins et al.

(Hawkins et al., 2017), the submerged cultures generated

in the current study resemble D15 cultures as described

byHawkins et al. (2017) or lung tip progenitors as described

by Nikolic and colleagues (Nikolic et al., 2017). Although

the expression of genes typically associated with early

club cells is uniformly upregulated in submerged cultures

relative to iPSCs, expression of genes typically expressed

in mature cell types (i.e., SCGB1A1 and MUC5AC) is low

and variable. Consistent with the RT-PCR analyses, CFTR

expression, while variable across patient-specific cultures,

is generally high and comparable to levels measured in

mature non-CF bronchial cultures differentiated at the

air-liquid interface. Altogether, these transcriptomic

studies suggest that the submerged cultures differentiated

on 96 well plates model multipotent, progenitor lung tis-

sue. And, we cannot rule out the contribution of nonlung

epithelial cells. However, the relatively high levels of

CFTR expression support their potential application in

middle-to-high-throughput studies of mutation-targeted

therapies.

Submerged progenitor lung cultures express

functional CFTR

Cyclic-AMP-activated wild-type (WT) CFTR channel func-

tion was detected for lung progenitor cultures differenti-

ated in wells of a 96 well plate, using a fluorescence-based

assay of membrane potential changes (FLIPR) (Ahmadi

et al., 2017). The trace in Figure 2A shows representative

forskolin-mediated membrane depolarization and increase

in FLIPR in the presence of an outward chloride gradient

(mean change ± SEM for four wells). This response was in-

hibited by the CFTR inhibitor, CFTRInh-172, as expected

for CFTR-mediated channel activity. Expression of the

mature CFTR protein as a 180 kDa polypeptide also known

as Band C. was confirmed for cultures grown in this format

(Figure 2B).

The heatmap in Figure 2C shows well scans of FLIPR dye

fluorescence change with depolarization caused by forsko-

lin or the DMSO vehicle added to alternating rows of six

wells (i.e., technical replicates). Red shows the highest re-

sponses and purple-black, the lowest responses. Interest-

ingly, for certain wells, there are focal hotspots of activity,

reflecting heterogeneity of the differentiated culture. The

open circles in the bar graph of Figure 2C show the mean

peak CFTR channel activity after DMSO or forskolin

measured by FLIPR for a single well in a 96 well plate.

This FLIPR assay of CFTR-mediated chloride conductance

in lung progenitor cultures exhibits reproducibility in a
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Figure 1. Differentiation of patient-derived iPSCs to lung progenitor cells
(A) Schematic of differentiation protocol and timeline. Human iPSCs were directed to definitive endoderm and passaged onto 96 well
plates during the anterior foregut endoderm differentiation. The submerged cultures were differentiated for 10 more days into lung
progenitor cells (stage 3b; Wong et al., 2015).
(B) Immunofluorescence images of submerged cultures. Scale bar, 80 mm. Most cells stained positive for TTF1 (NKX2-1) and SOX9. Negative
controls are shown in Figure S1.
(C) Principal-component analysis (PCA) comparing iPSC lines, submerged lung progenitor cultures differentiated from iPSC lines, and
primary bronchial cultures. Both CF and non-CF (including mutation-corrected) iPSC lines were studied.
(D) Heatmap of gene expression clustered according to cell type using marker genes (Deprez et al., 2020). The columns correspond to
different donors and whether lines are CF or non-CF (including mutation corrected [MC]). Columns are also clustered as an embryonic stem
cell line (H1), iPSC lines, lung progenitors differentiated from iPSC lines as submerged cultures (SC), and primary human bronchial
epithelial (HBE) cultures. Relative CFTR expression across cultures is shown in the bottom row of the heatmap.
96 well plate format with a Z-prime factor of 0.34 and an

SSMD (strictly standardized mean difference) score of

5.19. These metrics support the claim that this is a good

to excellent assay platform for CFTR channel function (Gu-

bler, 2009; Zhang, 2007).

Lung progenitor tissue differentiated from CF iPSCs

models primary defects caused by F508del

Having shown that the FLIPR assay of lung progenitor cells

differentiated from iPSCs is suitable for a high-throughput

assay of WT CFTR, we applied it to study the mutation
2828 Stem Cell Reports j Vol. 16 j 2825–2837 j November 9, 2021
F508del-CFTR and its modulation by small molecules. In

Figure 3, we show that the primary defects caused by the

major mutation F508del are recapitulated in iPSC-derived

lung progenitor cultures generated from two different pa-

tient donors who are homozygous for this mutation. The

donor identification numbers are consistent those shown

in Figure 1. For lung progenitor cultures from both CF do-

nors, CF2 and CF4, the mean residual forskolin-activated

CFTR channel activities (5.67 ± 2.16 [SD], n = 4, and

7.25 ± 0.91 [SD], n = 4) were significantly reduced relative

to that exhibited by non-CF culture (37.50 ± 8.02 [SD],



Figure 2. Lung progenitor cultures express WT CFTR and channel activity in fluorescence-based assay
(A) Representative FLIPR trace (mean ± SEM) responses of four wells plated with submerged cultures stimulated by 10 mM forskolin and
inhibited by 10 mM CFTRInh-172. This cell line was derived from donor CF2MC for which the F508del mutation was corrected to WT. The
method for mutation editing is described in Eckford et al. (2019), and characterization of the CF2MC line is given in Document S1. The
naming of lines is consistent with Figure 1.
(B) Western blot shows molecular weight (MW) markers and mature CFTR expression in submerged culture of the same line, (180 kDa).
Calnexin (CNX) was used as loading control.
(C) Top, heatmap shows representative data for a single plate (48 wells), used for establishing assay statistics (p value, Z-prime factor, and
SSMD). Multiple wells were seeded with iPSCs differentiated to submerged lung progenitor cells. Alternating rows (each containing six
wells) show well scans of CFTR channel activation after agonist (forskolin, FSK) or vehicle control (DMSO) addition. The response size is
color coded as shown in the side bar, with red representing the highest response and purple-black, the lowest response. Bottom, bars show
data from all of the above wells treated with control (DMSO) or FSK. Assay statistics are superimposed.
n = 4) as shown in Figures 3 and 2, respectively. As

expected, the abundance of mature band C was also

reduced for the major mutation in iPSC-derived lung pro-

genitor epithelium in the absence of small-molecule mod-

ulators (Figure S2).

Treatment of lung progenitor cultures from donor CF2

with small-molecule modulator combinations led to repro-

ducible responses in the FLIPR assay (Figure 3A). Relative

to the vehicle (DMSO) control, treatmentwith the corrector,

lumacaftor, i.e., VX-809, led to a partial rescue of the func-

tional expression for CF2 cultures in the presence of the

potentiator (VX-770). As expected, there were robust func-

tional responses to the investigational modulator combina-

tions AC1 + AC2-1 and AC1 + AC2-2 and the potentiator

AP2 using the FLIPR assay on lung progenitor cultures (Fig-

ure 3A). Moreover, we found that the combination of AC1 +

AC2-1 rescued the mature form of F508del-CFTR (band C)

(Figure S2). The efficacy of these modulator combinations

was published previously for studies on primary nasal

epithelial cultures (Laselva et al., 2020a, 2020b, 2021b).

We compared modulator responses in lung progenitor

cultures generated from donor CF4, another individual

who is homozygous for F508del. While the ranking of

modulator efficacies was similar for the two donors CF2
and CF4 (Figures 3A, 3B, and S2), the responses to the

modulator combination AC1 + AC2-2 was higher in cul-

tures from donor CF4 than from donor CF2 (p = 0.022).

Together, these findings suggest that donor-specific differ-

ences in in vitro response to modulators can be measured

using this platform.

In Figure 3C, we show that the responses to modulators

observed for epithelial cultures generated from CF2 and

CF4 correlate (r = 0.95) with the in vitro responses previ-

ously reported for well-differentiated primary nasal cul-

tures from the same donors (Laselva et al., 2018). The

bioelectric responses to modulators were previously

measured for primary nasal cultures in Ussing chambers,

considered the ‘‘gold standard’’ for measuring CFTR chan-

nel function. Interestingly, as in the FLIPR assay of lung

progenitor cultures, the fully differentiated nasal epithelial

cultures generated fromdonor CF4 consistently exhibited a

higher functional response to the combinations AC1 +

AC2-1 and AC1 + AC2-2 than the nasal cultures generated

from donor CF2 (p = 0.022). Hence the patient-specific re-

sponses to modulators of the major mutation (F508del)

observed in the high-throughput FLIPR-based assay reca-

pitulated those observed in the gold-standard, but low-

throughput, Ussing chamber assay.
Stem Cell Reports j Vol. 16 j 2825–2837 j November 9, 2021 2829



Figure 3. Submerged lung progenitor cul-
tures generated from iPSCs from two
different donors homozygous for F508del
exhibit robust responses to modulators
(A) Left: representative FLIPR traces of cul-
tures derived from iPSCs with F508del muta-
tion after chronic rescue (48 h) with DMSO
(0.1%) or small molecules as defined in the
key with concentrations indicated in Table
S1. After a 5 min baseline, the cells were
stimulated with DMSO or FSK ± 1 mM VX-770
(or 1.5 mM AP2). Right: bar graph shows peak
response from each modulator combination.
Each solid circle represents mean peak
response of 4 wells in a 96 well plate for four
plates of lung progenitor culture generated
from a single differentiation of iPSC line
CF2. The horizontal line in each bar, indicates
the range amongst the mean measurements.
The naming of cell lines is consistent with
Figure 1.
(B) Left: FLIPR traces showing responses to
small-molecule modulators on epithelium
differentiated from an iPSC line derived from
donor CF4. Right: bars show reproducibility of
the FLIPR assay. Each solid dot represents the
mean peak response for 4 technical replicates
(wells) of a 96 well plate, and there were four
plates generated from a single differentiation
of iPSC line CF4. The horizontal line in each
bar, indicates the range amongst the mean
measurements. Significant differences be-
tween treatment groups were determined
using an ordinary one-way ANOVA, multiple
comparisons test (Prism version 9.2).
(C) Correlation between mean donor-specific
activations measured using FLIPR (mean
values ± interventions, extracted from bars
above) and mean donor-specific changes
measured in the Ussing chamber, delta Ieq
(mA/cm2), after forskolin and treatment as
reported in Laselva et al. (2018).
Lung progenitor epithelium differentiated from CF

iPSCs models primary defects caused by W1282X and

reports differential responses to investigational rescue

compounds

Having shown that the FLIPR assay of epithelial cultures

differentiated from iPSC lines faithfully recapitulates ther-

apeutic responses to modulator drugs targeting the major

mutation F508del, we then tested the fidelity with which

this novel platform can be used to measure patient-specific

responses to investigational compounds targeting the rare

nonsense mutation W1282X. The format for these pheno-

typic assays is shown in Figure 4A. Here, we show a heat-
2830 Stem Cell Reports j Vol. 16 j 2825–2837 j November 9, 2021
map for the FLIPR assay of submerged epithelial cultures.

Wells (24) seeded with submerged cultures containing

WT CFTR (CF2 mutation corrected [MC]) are displayed

on the left. Wells (32) seeded with lung progenitor epithe-

liumdifferentiated from iPSCs generated from a donor who

is homozygous for the rare nonsense mutation W1282X

(CF7) are shown on the right. The color scale on the right

of the wells corresponds to the peak FLIPR fluorescence af-

ter activation and potentiation of CFTR channel activity.

Thewells seededwith non-CF (WT) epithelial tissue exhibit

robust activation by forskolin, and the peak corresponds to

red. On the other hand, the color of the wells containing



Figure 4. Lung progenitor cultures generated from iPSCs from three different donors with the nonsense mutation W1282X exhibit
differential phenotypic responses to modulators
(A) Heatmap of peak responses generated from non-CF culture stimulated with 10 mM forskolin (FSK) (left) and CF culture (W1282X) treated
with a combination of small molecules (A–H, concentrations defined in Table S1; see also Video S1 for movie showing dynamic CFTR
activation in the assay).
(B) Bar graph showing the peak response of W1282X CFTR treated with DMSO (0.1%) or small molecules (defined on y axis with concentrations
indicated in Table S1). After a 5 min baseline, the cells were stimulated with DMSO or FSK ± 1 mM VX-770 (VX) or 1.5 mM AP2 (AC). Mean peak
responses (of 4 wells in a 96 well plate) after agonist and potentiator are shown for each small-molecule combination as a solid circle. The
horizontal line in each bar, indicates the range amongst the mean measurements. Three patients homozygous for W1282X were studied (CF5,
6, and 7). For CF5, 5 plates generated from four differentiations from iPSCs were studied. For CF6, 3 plates from one differentiation were

(legend continued on next page)

Stem Cell Reports j Vol. 16 j 2825–2837 j November 9, 2021 2831



cultures from a donor homozygous for the nonsense muta-

tion varied (from dark blue to red, reflecting low to high re-

sponses) according to the treatment provided.

A panel of small-molecule interventionswas tested for ef-

ficacy in rescuing the functional expression of W1282X in

three donors, all homozygous for this mutation. These in-

terventions were chosen based on previous experiments

in a bronchial cell line (Valley et al., 2019) and our previous

bioelectric studies of primary nasal epithelial cultures (La-

selva et al., 2020a). Based on these previous studies, we

expect that only those cultures receiving SMG1i, a small-

molecule inhibitor of nonsense-mediated decay (NMD),

together with protein modulators of assembly and func-

tion (Valley et al., 2019) would enable functional rescue.

As shown in the bar graphs in Figure 4B, the responses

observed for each patient-specific culture are reproducible.

Interestingly, there were variable responses to the same

panel of modulators across the three donors. For example,

for donor CF5, themagnitude of the response to themodu-

lator combinations is muted relative to the cultures derived

fromCF6 and CF7. As expected, low responses observed for

CF5 were fully reversed bymutation correction of the same

line, as shown in Figure S3.

With respect to the tested interventions, significant func-

tional rescue was observed only in lung progenitor cultures

treated with the NMD inhibitor, SMG1i, in combination

with correctors and potentiator of the truncated W1282

CFTR protein. Moreover, as previously demonstrated in pri-

mary nasal epithelial cells (Laselva et al., 2020a), we showed

bandCrescueofW1282CFTRonly in thepresenceof SMG1i

compound in combination with CFTR modulators (Fig-

ure S4). The migration of the mutant CFTR protein corre-

sponds to that expected for the fully glycosylated truncated

protein (Haggie et al., 2017). Interestingly, the premature

termination codon (PTC) readthrough agent (G418) was

not effective in promoting the full-length polypeptide, nor

was it effective in augmenting functional rescue of

W1282Xmediated by SMG1i, as suggested in some but not

all studies of primary cultures harboring this nonsense

mutation (Laselva et al., 2020a).Hence,we showthat combi-

natorial interventions targeting W1282 CFTR can be tested

in patient-derived cultures using the FLIPR-based high-

throughput assay. Further, we show that NMD is limiting

modulator activity in these cultures and, finally, that

different responses are observed for patient-specific cultures.

As for the studies of F508del CFTR, we observed a

strong correlation (r = 0.93) between the patient-specific
studied, and for CF7, 5 plates from two differentiations were studied. CF
were effective in increasing the abundance of the truncated W1282X p
(C) Correlation plot between FLIPR peak response and Ussing chambe
(D) Basal W1282X-CFTR transcript (left) expression in primary nasal epi
cultures (SC) from three donors. The vertical line in each bar shows t
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responses to interventions measured by FLIPR in sub-

merged lung and the responses measured in primary nasal

epithelial cultures in the Ussing chamber (data from La-

selva et al., 2020a; Figure 4C). Unfortunately, due to con-

straints related to the limited expansion of primary nasal

epithelial cultures, the correlation for all conditions, for

all three donors, could not be assessed. However, in these

pilot studies, it is clear that the best functional responses

in both iPSC-derived lung progenitor and primary nasal

epithelial cultures were achieved for donors CF6 and CF7

relative to CF5. Interestingly, the residual mutant CFTR

transcript abundance (expressed relative to adult lung,

shown in Figure 4D) also tended to be higher for both

CF6 and CF7 relative to CF5, in both the iPSC-derived

lung progenitor cultures and the matched nasal cultures.

We then asked if this fluorescence-based assay of drug re-

sponses in iPSC-derived lung progenitor cultures recapitu-

lates patient-specific responses measured in primary nasal

epithelial cultures from an individual with a different rare

mutation, one that causes aberrant splicing of CFTR,

c.3700A > G. Our previous studies showed that the

combination of lumacaftor plus ivacaftor was inefficient

at causing functional rescue of the mutant protein

p.Ile1234_Arg1239del-CFTR generated by aberrant splicing

in c.3700A > G, in patient-derived nasal cultures (Molinski

et al., 2017). On the other hand, in a subsequent report, we

showed that the combination of novel modulators AC1 +

AC2-2 did rescue this mutant protein (Laselva et al.,

2020b). Interestingly, in these pilot studies, we show that

the fluorescence-based assay of lung progenitor cells differ-

entiated from iPSCs from the same person recapitulates the

differential drug responses reported using their primary

nasal epithelial cultures (Figure S5).

Hence, these new, higher-throughputmethods for study-

ing lung progenitor cells differentiated from iPSCs have

the potential to predict mutation- and patient-specific re-

sponses to therapeutic interventions measured in primary

cultures.
DISCUSSION

In these studies, we showed that fluorescence-based chan-

nel activity assays of lung progenitor cells generated from

CF iPSCs have the potential to support therapy develop-

ment for individuals with CF. Such cultures can be grown

in a 96 well format to enable robust phenotypic screening,
TR modulators (VX-809 or AC1 + AC2-2), in combination with SMG1i,
rotein in lung progenitor cultures (Figure S4).
r studies (data from Laselva et al., 2020a).
thelial cultures (nasal) and submerged iPSC-derived lung progenitor
he range in CFTR expression amongst the three donors.



Figure 5. Open access bioresource (CFIT, https://lab.research.sickkids.ca/cfit/cystic-fibrosis-patients-families-researchers/
cell-resources-available/) contains matched iPSCs and nasal epithelial cultures from multiple people with the same CFTR geno-
type to enable two-step preclinical trials that account for individual variation and select the best intervention for each individual
with a rare CF-causing mutation.
comparing approved and emerging therapeutic interven-

tions. Further, our proof-of-concept studies show that

functional responses seen in this novel assay associate

with patient-specific responses measured in primary nasal

epithelial cultures, a model previously shown to correlate

with clinical outcomes (Pranke et al., 2017, 2019). There-

fore, this new phenotypic platform has the potential to

aid in precision medicine development for those individ-

uals with CF caused by rare mutations and who currently

lack effective therapeutic options.

Given the good to excellent statistical properties of the

FLIPR assay and the availability of CF iPSC lines through

the CFIT bioresource (Eckford et al., 2019), we suggest

that patient-specific iPSCs may be used as a prescreen of

multiple interventions prior to validation on mature, pa-

tient-specific nasal cultures. We suggest that this iPSC-

based platform be employed as a tool to evaluate the

range of patient-specific responses to existing and

emerging therapies targeting unique CF-causing muta-

tions. This platform could constitute a preclinical trial

and ranking of the relative efficacy of multiple candidates

in tissues from a number of CF-affected individuals

harboring the same mutation. Then, the best therapy as

defined using the stem cell-based platform can be vali-

dated in each individual using their own primary nasal

epithelial cells prior to future recommendations regarding

its advancement to clinical use (Figure 5). This therapy

development pipeline is enabled by the Canadian CFIT

bioresource containing matched iPSC lines and nasal

epithelium cultures from people with defined CFTR geno-

types. These lines and cultures are available to interna-

tional researchers (Eckford et al., 2019).

Although an extremely active area of research, there are

no approved treatments targeting the primary defects
caused by nonsense mutations in CFTR. Individuals who

are homozygous for nonsense mutations like W1282X

are rare worldwide (188 patients, http://cftr2.org) and, as

a result, primary airway tissue models for therapy testing

are limited. The identification of therapies targeting the

nonsense mutation W1282X would benefit from the

phenotypic platform described in this paper. Small mole-

cules that facilitate readthrough of PTCs to enable

production of full-length CFTR protein are undergoing

development. However, only one such compound, called

ELOX-2, is currently in clinical trial for subjects carrying

the CF-causing nonsense mutation G542X (Crawford

et al., 2021): https://www.cff.org/Trials/Pipeline. A comple-

mentary approach may be to suppress NMD using small-

molecule inhibitors (Keenan et al., 2019; Laselva et al.,

2020a; Valley et al., 2019), although such inhibitors may

have nonspecific, deleterious effects. Further, such NMD

inhibitors will need to be combined with protein modula-

tors in order to correct the primary defects in W1282 CFTR

function. Hence, combinatorial treatments aimed at pro-

moting PTC readthrough, inhibition ofNMD, andmodula-

tion of the stability and function of themutant protein will

need to be tested to identify the most effective interven-

tions. In summary, we anticipate that the iPSC phenotypic

platform that we describe here will facilitate such urgently

needed therapy development by facilitating comparative

analysis of multiple therapeutic strategies.

The FLIPRassayofCFTRchannel activitydescribedhere is

amenable to middle-to-high-throughput studies (Ahmadi

et al., 2017; Zomer-van Ommen et al., 2018). The mem-

brane-potential-sensitive FLIPR dye can be applied to any

cell line or tissue, and this feature distinguishes it from

the halide-sensitive YFP as employed by the Martin group

in studies of intestinal tissue generated from iPSCs (Merkert
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et al., 2019). This group employed iPSCs stably expressing

halide-sensitive YFP and differentiated to intestinal epithe-

lium for their drug discovery studies. A major advantage of

the FLIPR system over the YFP assay is that it enables evalu-

ation of the kinetics of channel activation, a fundamental

property of interest to biophysicists. Amovie of the kinetics

ofCFTRactivationmeasuredby FLIPR is provided as supple-

mental material (Video S1). The YFP quenching assay mea-

sures the number of active channels, rather than their ki-

netics. Finally, the FLIPR assay is more sensitive to anion

conductance changes than the YFP-based assay. For

example, the modest functional rescue of F508del-CFTR

channel expression with modulator compounds such as

ORKAMBI can be readily detected at physiological temper-

atures using FLIPR, in contrast to the YFP-based assay,

which requires augmentation of the small-molecule effects

by low-temperature rescue.

A caveat of our work relates to the relatively early stage of

lung differentiation modeled by the submerged cultures

employed for the phenotypic screen. The submerged cul-

tures grown on 96 well plates model multipotent lung pro-

genitor epithelium and there is a deficit of mature cell

types, including ciliated, club, and goblet cells and iono-

cytes. Interestingly, despite this early stage of differentia-

tion, the expression of CFTR is high, comparable to that

observed in primary bronchial epithelium grown at the

air-liquid interface. However, it is likely that the regulation

of CFTR protein synthesis, trafficking, and channel activity

may be cell-type specific. Hence, this necessitates that find-

ings reported via the high-throughput assay on submerged

cultures be validated using that person’s primary nasal

epithelial cultures. Our proof-of-concept studies and access

to the Canadian CFIT bioresource of patient-matched

iPSCs and nasal cultures support the value and feasibility

of this drug development pipeline.
EXPERIMENTAL PROCEDURES

Differentiation to submerged lung progenitor culture
Human iPSCswere obtained from theCFIT program (Eckford et al.,

2019) and were generated from blood samples collected with

informed consent, under oversight of the Research Ethics Board

of the Hospital for Sick Children (approval #1000044783). The

submerged lung progenitor cultures were generated from iPSCs

as previously described (Wong et al., 2015). Additional details are

given in the supplemental information.
Apical chloride conductance assay for CFTR function
The apical chloride conductance (ACC) assay was used to assess

CFTR-mediated changes in membrane depolarization using

methods as previously described (Ahmadi et al., 2017; Erwood

et al., 2020). Additional details are given in the supplemental

information.
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Analysis and heatmap generation
Experiments were exported as multi-frame TIFF images of which

every frame recorded the entire plate. Pixels outside of well areas

were filtered out using the initial signal. All fluorescence pixels

(500–1,000) from inside the wells contributed to the heatmaps

shown in Figure 2. All trajectories were normalized to the last point

of the baseline intensity to define the peak response for each pixel.

Heatmap representation was generated from the peak response of

each pixel and the mean response trace of wells was generated by

averaging the corresponding pixel traces.

Statistical analyses
Unpaired two-tailed t test was performed on data with two data-

sets. Ordinary one-way ANOVAwith Tukey’s multiple comparison

test was performed on all data withmore than two datasets. Corre-

lations between datasets were assessed using the ‘‘Spearman’s test’’.

p < 0.05 was considered statistically significant. Statistical analyses

were performed using GraphPad Prism 9.2.

Real-time quantitative PCR
As previously described (Cao et al., 2020), total mRNA was ex-

tracted with an RNeasy Plus Micro Kit and used for reverse tran-

scription as well as real-time PCR expression analysis. A detailed

description is given in the supplemental information and primer

sequences are listed in Table S2.

RNA sequencing and analysis
RNA samples were extracted and submitted for bulk RNA-seq.

SAMtools was used for sequence alignment and featureCounts

was used for raw counts. Downstream analysis and PCA were

generated using R packageDESeq2 (v.1.24.0). See the supplemental

information for a description.

Immunofluorescence
Samples were fixed in 4% paraformaldehyde and permeabilized

in 0.05% Triton X-100. After being blocked, the samples were

labeled with primary antibodies and then secondary antibodies.

Images were acquired on the SP8/TED confocal microscope.

A detailed description is available in the supplemental

information.

Western blotting
Samples were resuspended, and soluble fractions were analyzed by

SDS-PAGE on 6% Tris-glycine gels. Proteins were transferred and

detected with antibodies, and relative levels of CFTR protein

were quantified with Image Studio Lite (see the supplemental

information).

Data and code availability
Raw sequence data are available through the NCBI sequence read

archive (https://www.ncbi.nlm.nih.gov/sra) with the BioProject:

PRJNA721455.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2021.09.020.
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