
Citation: Silva, I.A.L.; Laselva, O.;

Lopes-Pacheco, M. Advances in

Preclinical In Vitro Models for the

Translation of Precision Medicine for

Cystic Fibrosis. J. Pers. Med. 2022, 12,

1321. https://doi.org/10.3390/

jpm12081321

Academic Editor: Frauke Stanke

Received: 25 July 2022

Accepted: 16 August 2022

Published: 16 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Personalized 

Medicine

Review

Advances in Preclinical In Vitro Models for the Translation of
Precision Medicine for Cystic Fibrosis
Iris A. L. Silva 1,†, Onofrio Laselva 2,† and Miquéias Lopes-Pacheco 3,*,†

1 S2AQUAcoLAB, 7800-194 Olhão, Portugal
2 Department of Clinical and Experimental Medicine, University of Foggia, 71122 Foggia, Italy
3 Biosystems & Integrative Sciences Institute, Faculty of Sciences, University of Lisbon,

1749-016 Lisbon, Portugal
* Correspondence: mlpacheco@fc.ul.pt
† These authors contributed equally to this work.

Abstract: The development of preclinical in vitro models has provided significant progress to the
studies of cystic fibrosis (CF), a frequently fatal monogenic disease caused by mutations in the gene
encoding the CF transmembrane conductance regulator (CFTR) protein. Numerous cell lines were
generated over the last 30 years and they have been instrumental not only in enhancing the under-
standing of CF pathological mechanisms but also in developing therapies targeting the underlying
defects in CFTR mutations with further validation in patient-derived samples. Furthermore, recent
advances toward precision medicine in CF have been made possible by optimizing protocols and
establishing novel assays using human bronchial, nasal and rectal tissues, and by progressing from
two-dimensional monocultures to more complex three-dimensional culture platforms. These models
also enable to potentially predict clinical efficacy and responsiveness to CFTR modulator therapies
at an individual level. In parallel, advanced systems, such as induced pluripotent stem cells and
organ-on-a-chip, continue to be developed in order to more closely recapitulate human physiology
for disease modeling and drug testing. In this review, we have highlighted novel and optimized cell
models that are being used in CF research to develop novel CFTR-directed therapies (or alternative
therapeutic interventions) and to expand the usage of existing modulator drugs to common and rare
CF-causing mutations.

Keywords: airway cells; cell lines; CFTR modulators; drug development; induced pluripotent stem
cells (iPSCs); intestinal cells; organ-on-a-chip; organoids; personalized medicine; theratyping

1. Introduction

Cystic fibrosis (CF) is a life-threatening autosomal recessive disease affecting over
100,000 people worldwide [1,2]. It is caused by mutations in the gene encoding the
CF transmembrane conductance regulator (CFTR) protein [3–5], a cAMP-dependent,
phosphorylation-activated anion channel that transports chloride (Cl−) and bicarbon-
ate (HCO3

−) across the apical plasma membrane (PM) of several epithelial tissues, of
which the lungs are the most affected organs [1,2]. In the airways, CFTR dysfunction or
absence causes abnormal ion transport and dehydration of the epithelial surface liquid
layer, leading to alterations in viscoelastic properties of mucus and its subsequent accumu-
lation due to impaired mucociliary clearance [6]. As a consequence, people with CF (PwCF)
face airway obstruction, recurrent infections and chronic inflammation that progressively
promote tissue remodeling and decline of lung function, ultimately resulting in respiratory
failure [6].

Managing CF has traditionally relied on therapeutics targeting signs and symp-
toms [7–9]. These consist of laborious physical and inhaled therapies and numerous
daily remedies (mucolytics, antibiotics, anti-inflammatory drugs and pancreatic enzymes,
among others) that together with the specialized multi- and interdisciplinary healthcare,
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and implementation of newborn screening programs led to significant improvements in
PwCF’s longevity [7–10]. Nevertheless, although many PwCF are nowadays living into
adulthood, their longevity is still limited and these individuals remain subjected to consid-
erable clinical, psychosocial and economic burdens, which negatively affect their quality
of life [2,11]. In order to further enhance their current longevity and steadily mitigate
therapeutic burdens, CF must be treated beyond its symptoms by targeting the root cause
of the disease, precluding thus the pathological cascade of events downstream of CFTR
dysfunction.

The deletion of a phenylalanine at position 508 (F508del) is the most prevalent CF-
causing mutation and found in ~70% of CF allele worldwide [2,12]. However, over 2100
CFTR genetic variants have been reported to date (CF Mutation Database, http://www.
genet.sickkids.on.ca/, accessed on 22 July 2022). Although most are presumably to be
pathogenic, only ~500 variants have the disease liability established (Clinical and Function
Translation of CFTR Database, https://cftr2.org/, accessed on 22 July 2022 and CFTR-
France Database, https://cftr.iurc.montp.inserm.fr/cgi-bin/home.cgi, accessed on 22 July
2022). All CF-causing mutations result in impaired CFTR-mediated Cl−/HCO3

− transport,
but this occurs due to a range of distinct cellular/functional defects. Accordingly, CFTR
mutations have been separated into six main functional classes, characterized by: (I) no
synthesis of full-length protein, (II) defective protein folding and trafficking, (III) defective
channel gating, (IV) decreased anion conductance, (V) decreased protein abundance, and
(VI) decreased protein stability at the PM [2,12,13]. Despite many CFTR genetic variants
remain to be characterized regarding their underlying cellular/functional defect(s), this
classification system has been helpful to accelerate theratyping efforts as mutations within
the same class are expected to be treated by the same therapeutic approach, although not
necessarily by the same drug.

Since the discovery of the CFTR gene in 1989 [3–5], preclinical cell models have been
playing a fundamental role in enhancing the understanding of CFTR biology at the genetic,
biochemical and physiological levels [14,15]. In parallel, the implementation of cell-based
high-throughput screening (HTS) assays has enabled the identification of specialized drugs
targeting the primary defect(s) associated to CFTR mutations [12,13,16–19], which have
been resulting in major therapeutic progress for PwCF. These CFTR modulator drugs
are small molecules that can: (1) allow the insertion of an amino acid in a locus where a
premature termination codon (PTC) was introduced into the CFTR mRNA (read-through
agents or PTC suppressors); (2) enhance CFTR protein biosynthesis by stabilizing CFTR
mRNA (amplifiers); (3) reestablish CFTR protein folding and its trafficking to the PM
(correctors); (4) increase CFTR channel open probability (potentiators); and (5) augment
the anchoring of the CFTR protein located at the PM (stabilizers). As most CF-causing
mutations promote multiple structural defects on the CFTR protein, combination therapy
is often required to rescue mutant CFTR at therapeutically relevant levels [2,12,13].

There are currently four CFTR modulator drugs licensed for clinical use by the Food
and Drug Administration (FDA) and the European Medicines Agency (EMA). The approval
of the first CFTR modulator—the gating potentiator VX-770 (ivacaftor)—occurred in 2012
after successfully improving lung function measured as percent of predicted forced expira-
tory volume in 1 s (ppFEV1) of PwCF carrying the CFTR gating mutant G551D in phase III
clinical trials [20,21]. Despite its remarkable improvement of lung function (~10 ppFEV1),
its approval was restricted to a small CF population (~4%). Subsequent clinical studies
assessing either the solo effect of VX-770 or of the traffic corrector VX-809 (lumacaftor)
were unable to improve lung function of PwCF homozygous for the CFTR folding mutant
F508del [22,23]; however, combining these two drugs led to a significant, albeit modest,
improvement in lung function (~4 ppFEV1) [24,25], which resulted in approval of this
combination in 2015 and made this combination suitable for a greater number of PwCF
worldwide (~40%). A newer corrector VX-661 (tezacaftor) used in combination with VX-770
was approved in 2018 but with similar limited therapeutic efficacy for F508del-homozygous
PwCF [26]. Nevertheless, this corrector/potentiator combination therapy was also effective
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for those heterozygous for F508del with a second mutation resulting in CFTR residual
function (i.e., classes IV–VI) [27], increasing thus to ~60% of PwCF who could benefit from
modulator therapies. Only in late 2019, a triple combination composed of two correctors—
VX-661 and VX-445 (elexacaftor)—plus the potentiator VX-770 was approved for clinical
use. Indeed, this ‘highly effective’ modulator therapy demonstrated to significantly im-
prove lung function (>10 ppFEV1) in phase III clinical trials not only in PwCF homozygous
for F508del [28] but also in those carrying this mutation in one allele and a minimal function
mutation (i.e., classes I/II) in trans [29]. Over this period, several label extensions have
been approved (most by the US FDA) to uncommon CFTR mutations [13,15,30], and >85%
of PwCF in North America, Oceania and various countries in Europe are currently eligible
for at least one of these clinically approved modulator therapies.

Despite such remarkable accomplishments over the last decade, many PwCF carrying
rare (and ultra-rare) mutations, as well as nonsense and splicing mutations, remain with no
modulator therapy available. For instance, several countries, including Brazil, Israel and
Italy, have ≥30% of PwCF carrying non-F508del mutations in both alleles [2]. Various novel
therapies are currently in the experimental and early-stage clinical development (CFF Drug
Development Pipeline, https://apps.cff.org/trials/pipeline/, accessed on 22 July 2022).
These include not only CFTR-directed therapeutics but also targeting alternative chan-
nels/transporters to compensate for CFTR dysfunction and beyond [10,12,31]. Meanwhile,
CF scientific community also continues to develop novel cell models to more efficiently pre-
dict clinical efficacy and responsiveness [14,32–35], since conventional clinical trial designs
are underpowered and impractical for rare CFTR mutations due to the very low number
of individuals [30,36,37]. Indeed, it is estimated that for >1000 CFTR variants there are
≤5 PwCF worldwide [12,15,37,38]. Accordingly, the current challenge of biomedicine for
CF is not only identifying novel causative therapies but also in a personalized fashion so
that every individual may achieve the greatest therapeutic benefits. In this review, we have
highlighted novel and optimized cell models that are being used in CF research to identify
novel CFTR-directed therapies (or alternative interventions) and to assess the utility of
existing modulator drugs to common and rare CF-causing mutations.

2. Preclinical In Vitro Models
2.1. Cell Lines

The development of immortalized cell lines has provided substantial progress in CF
research, particularly for the understanding of CFTR biology, characterization of common
and rare CF-causing mutations (and exclusion of non-pathogenic CFTR variants), and
identification of novel CFTR modulator compounds.

Multiple cell lines (non-human vs. human and non-epithelial vs. epithelial) have been
generated and optimized to help in enhancing our knowledge of CFTR biology [14,15].
These include baby hamster kidney (BHK) [18,31,32], Chinese hamster ovary (CHO) [33–36],
African green monkey kidney (Cos-7) [37–40], embryonic Swiss mouse (3T3) [17,35,41], hu-
man embryonic kidney (HEK) [36,41–44], Madin-Darby canine kidney (MDCK) [43,45,46], Fis-
cher rat thyroid (FRT) [16,47–49] and CF bronchial epithelial (CFBE41o−) cell lines [32,43,49–52]
(Table 1). These cells are easy to be cultured and expanded, making them suitable models
for the usage in different methods and assays [14]. Furthermore, as most of these cells do
not express endogenous CFTR, an initial characterization of the impact of variants on CFTR
behavior can be obtained by either transiently or stably expressing CFTR cDNA. However,
CFTR cDNA-based expression may not recapitulate elemental aspects of certain variants,
including nonsense-mediated decay (NMD) for premature termination codons (PTCs) and
canonical/non-canonical splice defects. For instance, G970R was initially classified as a
CFTR gating mutant, based on cDNA expression, and demonstrated to be responsive to
potentiators [36,40,53]. However, RNA analysis of patient-derived samples revealed that
this mutant actually causes alteration of CFTR splicing with exon skipping and, conse-
quently, is not rescued by VX-770 alone [54,55], which corroborates with the lack of in vivo
response in PwCF [56]. A feasible solution to overcome such misclassification in engineered
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cell lines is the expression of these types of variants in mini-gene systems [43,57–59]. The
usage of these cell models is also valuable in situations where there is a low availability or
accessibility of patient-derived samples (tissue or primary cells) for research purposes and
when researchers aim at investigating CF genotypes combining two different rare CFTR
mutations (one in each allele) or the effect of a complex allele.

Table 1. Cell lines commonly used in CF research.

Cell Type Examples Most Frequent Uses

Non-human
non-epithelial

BHK, 3T3 Extensively used in initial HTS assays
Characterization of CFTR variants and CFTR biology

CHO, Cos-7 Characterization of CFTR biology
Assessment of common and rare CFTR variants (transient expression)

Human non-epithelial HEK Assessment of common and rare CFTR variants (transient and stable
expression)

Non-human epithelial

MDCK Characterization of CFTR biology

FRT

Extensively used in HTS assays
Assessment of common and rare CFTR variants (transient and stable

expression)
Label extension of clinically approved CFTR modulators (FDA only)

Human epithelial
CFBE41o−

Extensively used in HTS assays
Characterization of CFTR biology

Assessment of common and rare CFTR variants (transient and stable
expression)

16HBE14o− Assessment of common and rare CFTR variants in the native genomic
context

The HTS of compound libraries using cell line-based assays have been the mainstay to
identify CFTR-directed modulators for subsequent development [13,16–19]. However, it is
highly recommended that most promising compound(s) identified in cells heterologously
expressing CFTR construct should be further validated in a native system. Indeed, the
existing cell models have some liabilities due to immortalization processes that can cause
genome instability, karyotypic alterations and modifications in gene expression [14,60,61].
Furthermore, cell background has a strong influence on the pharmacological rescue of
CFTR mutations, as it has been previously demonstrated for F508del-CFTR when the same
compound is assessed in different cell models [31,52,62–64]. Validation of several hit com-
pounds (or combinations thereof) on primary cells (i.e., human bronchial epithelial (HBE)
cells) may be nevertheless unfeasible, as these are a limited resource and usually require
invasive procedures to be obtained (bronchoscopy or explants from lung transplantation).
To overcome this, the usage of immortalized human airway cells may be a practical solution
to restrict the number of putative hit compounds before moving forward to the validation
in primary cells. Accordingly, the immortalized bronchial epithelial CFBE41o− cell lines
are considered a more physiologically relevant model in the context of CF and have a more
stringent cell quality control system in comparison to non-human and non-epithelial cell
lines [51,62]. These cells have been extensively used in CF research and several methods
have been optimized to facilitate heterologous expression of CFTR variants on CFBE41o−

cell lines, including incorporation of multiples copies to enable transgene overexpres-
sion, constructs with inducible promoters or a single recombinant target site for transgene
integration [19,32,44,50,65].

The immortalized human bronchial epithelial 16HBE14o− cell lines endogenously
expressing WT-CFTR have also been used as a positive control in CF studies [60,66]. More
recently, CRISPR/Cas9-mediated gene editing has been exploited to generate isogenic,
homozygous 16HBE14o− cell lines harboring CFTR variants in the native genomic con-
text [67]. These cells may have utility not only for assessing modulator drug efficacy [67–71]
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but also for gene-editing therapeutic approaches targeting the CFTR gene [72,73]. Neverthe-
less, although it has been reported that these 16HBE14o− gene-edited cells endogenously
expressing CFTR variants have demonstrated steady, reproducible responses in different
assays up to 25 passages after cryopreservation [67], it remains unclear whether they may
lose certain properties in even higher passages (e.g., polarization ability) or whether their
physiology may fully reflect that of primary airway cells.

Despite cell lines are unable to predict therapeutic responses in PwCF at an individual
level, they have been useful in supporting drug discovery and development for common
and rare CF-causing mutations [2]. Indeed, the FDA has licensed label extension of clin-
ically approved CFTR modulators to several additional mutations based on data from
FRT cell lines heterologously expressing mutant CFTR cDNA [13,15,30] with subsequent
clinical studies confirming the therapeutic benefits for some of these mutations [56,74,75].
Furthermore, a study has paired in vitro measurements of CFTR function in either FRT or
CFBE41o− cell lines stably expressing CFTR variants with clinical and genetic data from
the CFTR2 database, and demonstrated that there is a strong correlation between CFTR
function and sweat Cl− levels [76]. A statistically significant correlation, albeit modest, was
also observed for CFTR function with pancreatic status and lung function [76].

2.2. Patient-Derived Samples

There has been a growing interest in assessing the efficacy of modulator drugs on ex
vivo patient-derived samples over the last years since these cell models may recapitulate
several features of parental organs and might predict clinical efficacy and responsive-
ness [77–79]. Nevertheless, all of these patient-derived cell-based models require special-
ized technicians and standard operating protocols to ensure reproducibility among different
laboratories. It is also particularly noteworthy that an inter-variability in responses to CFTR
modulator therapies has been reported even among individuals carrying the same CF geno-
type [20,24,26,28,80]. Accordingly, these models may be useful to further understand the
impact of non-CFTR genetic factors (e.g., modifier genes) on each individual’s disease [81].
Finally, rare and ultra-rare CFTR mutations are often found in ethnic and racial minority
populations, which are usually not included in conventional clinical trials [82]. By using
these cell models, it is possible to identify those PwCF that may clinically benefit from
available modulator therapies. We have further described these models below and listed
key advantages and limitations of each (Table 2).

2.2.1. Lung/Airway Models

• Primary Airway Cells in Planar Cultures

Primary HBE cells derived from bronchial brushing or explant lungs of PwCF have been
considered the gold standard to validate the efficacy of CFTR modulators in vitro [19,83–85]
(Figure 1). Well-established protocols has been used to conditionally reprogram, expand
and maintain primary HBE cells to higher passage numbers, while avoiding their premature
cellular senescence and squamous transformation [85–89]. Accordingly, these cells acquire
stem-like features but are still able to differentiate into the several airway epithelial cell
types on porous membrane filters at air-liquid interface (ALI) conditions, mimicking thus
the polarized, pseudostratified epithelia of in vivo airways [85,89,90]. Indeed, these cells
have had a fundamental role not only in in the assessment of modulator therapies but
also in enhancing the current understanding of CFTR biology in the respiratory tract. In
electrophysiological measurements, such as Ussing chambers (where electric currents are
measured based on the transport of ions), HBE cultures from PwCF exhibited a defective
CFTR-dependent anion transport [83,84,89,91], while reduction in surface liquid layer and
ciliary beat frequency, and mucostasis were also observed by optical techniques [92–94].
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Table 2. Key advantages and limitations of patient sample-derived models to assess CF therapies.

Model Advantages Limitations

HBE cells in
monolayer culture

Well-established protocols to assess efficacy of CFTR
modulators

Recapitulate lung disease in CF
Assessment of downstream consequences of CFTR

dysfunction (e.g., mucociliary transport rate)
Potential usage to investigate modulation of

alternative channels/transporters

Requirement of invasive procedures to be
harvested

Low availability/accessibility, particularly for
rare CF genotypes

Low throughput/limited scalability to assess
multiple compounds (or combinations thereof)

HNE cells in
monolayer culture

Minimal invasive procedures to be harvested
HNE cells can be used as surrogates for HBE cells in

CFTR studies
Reasonable availability/accessibility, particularly for

rare CF genotypes
Potential usage to investigate modulation of

alternative channels/transporters or downstream
consequences of CFTR dysfunction

Results from HNE cultures correlate well with
in vivo biomarkers/clinical features

Low throughput/limited scalability to assess
multiple compounds (or combinations thereof)

Lack of standardized procedures

Airway organoids

Cultures achieve maturity and readiness for usage
faster than ALI cultures

Greater throughput/scalability than ALI cultures to
assess multiple compounds

Requirement of invasive procedures to be
harvested if derived from HBE cells

Greater variability in results compared to ALI
cultures

Unfavorable response-to-background ratio
Lack of standardized procedures

Rectal biopsies Abundant expression of CFTR in distal colon tissue
ICM is a sensitive biomarker of CFTR function

Requirement of invasive procedures (although
with no to low pain associated)

Requirement of testing all samples on the
harvesting day (i.e., cannot be biobanked)

Possible reduced penetration of CFTR
modulators under ex vivo conditions

Intestinal organoids

High throughput/scalability to assess multiple
compounds (or combinations thereof)

Reasonable availability/accessibility, particularly for
rare CF genotypes

Results from FIS assay correlate well with in vivo
biomarkers/clinical features

Requirement of invasive procedures, since they
are derived from rectal biopsies

Unclear potential to investigate modulation of
alternative channels/transporters

Despite the adoption of conditionally reprogramming method, the availability and
accessibility of primary HBE cells remain relatively poor as a highly invasive procedure
is still required to obtain the cells, which limits their usage in precision medicine for CF,
particularly for testing novel therapeutic approaches targeting rare CF-causing mutations.
On the other hand, human nasal epithelial (HNE) cells can be harvested by nasal brush-
ing or scaping in minimal invasive procedures [95,96] (Figure 1), and be subsequently
cultured under conditionally reprogramming conditions using the same protocols as for
HBE cells to expand their availability and lifespan without affecting CFTR expression and
function [88,97,98]. Although certain epithelial cell types can differ along the respiratory
tract (i.e., nasal cavity, bronchi and bronchioles) [99–102], several studies have indicated
that HBE and HNE cells differentiated at ALI exhibit similar morphological and functional
properties, and response to inflammatory mediators [95,103–106]. Electrophysiological
measurements of HBE and HNE cells from the same individual with CF demonstrated
similar CFTR-dependent ion transport [79,95]. HNE cultures have also been used assess
the efficacy of gene therapy [107–110] and to measure effects downstream of CFTR dys-
function, including reduction in air surface liquid height, pH and mucociliary transport
rate [111,112]. Furthermore, HNE cells have been considered a relevant surrogate for HBE
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cells in pre-clinical studies, since both cell types have responded to CFTR modulator drugs
in a similar fashion [79,95,98,113,114].
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Figure 1. Overview of available strategies to generate patient-derived models. (Top) Well-
differentiated airway epithelium cultures can be obtained from nasal or bronchial brushing and
cultured at the air-liquid interface (ALI). The 2D ALI cultures could be used as a preclinical tool to test
novel small molecules by electrophysiological studies. These cells can also be cultured in a 3D matrix
to increase the throughput/scalability as airway organoids. (Bottom) The 3D intestinal organoids are
obtained from rectal biopsy and could be used for high-throughput screening to investigate novel
therapies. These organoids can also be grown in 2D monolayers to assess CFTR rescue and function
by traditional electrophysiological measurements.

Recent studies have established correlations between measurements of CFTR func-
tion in HNE cultures and clinical features/biomarkers to potentially predict therapeutic
outcomes by modulator therapies. A strong correlation was observed between VX-770-
induced CFTR-dependent currents in HNE cultures and changes sweat Cl− levels and
ppFEV1 of PwCF carrying either R117H- or G551D-CFTR [115]. In N-of-1 trial series, CFTR-
dependent Cl− secretion was increased only in HNE cultures of three PwCF who also
exhibited a decrease in sweat Cl− levels after VX-770 therapy [116]. Furthermore, responses
from HNE cultures carrying either F508del/F508del [79,103] or rare CF genotypes [98,117]
demonstrated a correlation with changes in sweat Cl− levels, ppFEV1 or intestinal current
measurement (ICM), but not with nasal potential difference (NPD, a functional assay that
indirectly assesses ion transport in the nasal epithelium in vivo) after VX-809/VX-770 or
VX-661/VX-770. Although further studies should be performed to establish correlations
between in vitro measurements and individual specific clinical outcomes, HNE cultures
have demonstrated to be a useful model for theratyping.

• Airway Organoids/Spheroids

Several protocols have been recently optimized to develop airway organoids/spheroids
derived from nasal polyps, nasal or bronchial brushing, explanted lungs, cells from
bronchoalveolar lavage fluid or differentiated from induced pluripotent stem cells (iP-
SCs) [113,114,118,119]. This model is particularly relevant to provide a high-throughput
measurement of CFTR function for either drug or gene therapy studies in primary airway
cells, since the classical assessment in HBE and HNE cells is based on short-circuit current
recordings, which is a low-throughput technique. In contrast to ALI monoculture models,
airway organoids are embedded in a three-dimensional matrix composed of several struc-
tural proteins, including fibronectin, laminin and collagen, which provide physiological
and architectural support for their growth and expansion [120,121]. This model has been
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used to study several chronic respiratory diseases, including but not limited to CF, viral
infections and lung cancer. Airway organoids might thus represent the complex three-
dimensional microenvironment of the airways by promoting differentiation of various
cells types to physiologically resemble the diverse structural branching within the respira-
tory tract [120–122]. This model also allows for assessment of several channels’ function
(not only CFTR but also other channels, such as ENaC and TMEM16A) and provides a
complementary measurement of ion/fluid transport to ALI cultures.

In CF studies, airway organoids were initially developed from HBE and HNE cells,
and used to assess CFTR-dependent fluid secretion and thus discriminate CF cultures from
non-CF ones [113,114]. This model recapitulates several features of in vivo airway epithelia,
including expression of tight junctions, cilia and mucins, and CFTR function [123]. Further-
more, responses from Ussing chamber measurements of HNE cultures were demonstrated
to correlate with forskolin-induced swelling (FIS) of airway organoids [106]. The FIS of
organoids is a microscope-based functional assay that enables to quantify CFTR-dependent
fluid secretion after stimulation of CFTR activity by forskolin. Accordingly, there is an
increase in the organoid size/swelling when CFTR is activated/rescued.

Pharmacological rescue of F508del-CFTR was demonstrated by treating airway organoids
with VX-809/VX-770 [113,114]. In parallel, CFTR rescue was also demonstrated by VX-
809/VX-770, VX-661/VX-770 or VX-445/ VX-661/VX-770 in a range of airway organoids
from individuals carrying rare CF genotypes [106,118]. A significant correlation was also
observed between organoid swelling (baseline and modulator rescued conditions) and
clinical measurements (sweat Cl− levels and ppFEV1) [106]. Nevertheless, this model is
still less developed compared to intestinal organoids (the most advanced three-dimensional
in vitro model in CF so far, see next section for further details), thus only a few studies
are available. Some disadvantages have also been reported, such as a greater variability
in results compared to that observed in ALI cultures [113,114] and the slower growth
rate compared to intestinal organoids, which reduces the amount of material available for
testing and, consequently, decreases the number of drugs (or combinations thereof) and
replicates possible from the same individual’s sample.

2.2.2. Gastrointestinal Models

• Rectal Biopsies

Although the respiratory tract is the most affected in CF, it is well known that CFTR
is highly expressed in gastrointestinal cells, which make them valuable models to inves-
tigate CFTR function and modulation [124,125]. Furthermore, in contrast to the airways,
CFTR is the dominant Cl− channel responsible for Cl− and fluid secretion in the human
colon [124–127]. Finally, the intestine is not affected as the airways by chronic inflamma-
tion and infection with CF pathogens or suffers organ damage and remodeling, which
are factors that may significantly affect CFTR channel function independent of the basic
molecular defect of CFTR mutations [128].

Along these lines, ICM has been developed to quantify CFTR-dependent Cl− secretion
in native intestinal tissues. ICM is an ex vivo method in which a freshly excised rectal
biopsy is mounted in an Ussing chamber and CFTR-mediated Cl− responses to agonists that
increase cAMP are measured [127,129,130]. By using ICM to characterize CFTR dysfunction,
protocols were developed to differentiate between impaired CFTR function in intestinal
tissues from PwCF vs. normal CFTR function in healthy control subjects [131–133]. In
addition, protocols were further refined to enable the classification of CF into (I) lack of
detectable CFTR function and (II) residual CFTR function [130–132,134]. Based on these
results, ICM was established as a diagnostic and prognosis test to aid the establishment
or refuting a diagnosis of CF, when sweat tests are unclear and/or when the functional
consequence of rare or newly detected CFTR mutations are unknown [135].

With the advent of ‘highly effective’ CFTR-directed therapeutics in the clinics, and
the fact that clinical trials of CFTR modulators demonstrated heterogeneous responses
in clinical outcomes as well as sweat Cl− levels among individuals with the same CF
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genotypes [24,26,28,80], additional sensitive biomarkers of CFTR function are critical to
understand the degree of functional rescue of CFTR mutations by different CFTR modulator
drugs, both at the level of CFTR genotype groups as well as individual’s responsiveness. In
this context, ICM was also demonstrated to detect improvement of CFTR function when
intestinal tissue biopsies were obtained from PwCF that were treated systemically with
CFTR modulators [136–139], namely studies demonstrating that ICM is sensitive to detect
in vivo activation of CFTR in PwCF carrying a G551D mutation and treated with VX-
770 [136] or those homozygous for F508del and treated with VX-809/VX-770 [137,138] or
with VX-445/VX-661/VX-770 [139]. Such fact indicates that ICM is a sensitive biomarker of
CFTR function that could to facilitate and enhance precision therapy for PwCF [9,128,140].

• Intestinal Organoids

Intestinal organoids can be isolated from different regions of the human intestine. In
the CF field, the most commonly used organoids are isolated from rectal biopsies, where
the stem cell’s niche in the intestinal crypts can be isolated and cultured in a matrix with
specific culture medium that provide important growth factors to allow for the expansion
and stemness maintenance of these cells in order to form the three-dimensional in vitro
structure named intestinal organoids [141,142] (Figure 1). These cells can be expanded
over long periods without losing their stemness and biobanked to assess the efficacy
of current and future modulator drugs [77,141,143]. In the context of CF, CFTR protein
expression/function determines the morphology of these organoids by inducing swelling
of non-CF organoids through salt and water accumulation in the lumen surrounded by a
cellular layer, while organoids from PwCF have no lumen [141]. When CFTR is rescued by
any modulator drugs, there is an increase in the organoid area, which can be quantified as an
indirect measurement of CFTR activity by the FIS assay [142]. Recent studies have also used
the FIS assay of intestinal organoids to assess novel gene therapeutic approaches [144,145].

CFTR-dependent fluid secretion properties in intestinal organoids are reflective of
or related to CFTR function across several tissues. Indeed, CFTR rescue by modulator
drugs in FIS of intestinal organoids was correlated with results from other cell types from
the same individual, namely rectal biopsies and nasal epithelial cells [106,146]. A direct
comparison of FIS with sweat Cl− levels also revealed that the former has a strong cor-
relation with disease severity when compared to the latter, which is the gold standard
biomarker of CF disease and commonly used endpoint to measure efficacy of CFTR modula-
tors [77,78,147,148]. Moreover, the FIS assay facilitates repeated measures and appears to be
completely CFTR dependent, which reduces the impact of technical and other (non-CFTR)
biological variability [141,147,148], whereas a higher heterogeneity in sweat Cl− levels can
occur due to technical issues and non-CFTR dependent biological factors [147]. FIS assay
of intestinal organoids can also provide some advantages compared to other biomarkers
used in CF diagnosis, such as NPD and ICM. Although NPD has been used to discriminate
between PwCF and healthy controls, its ability to accurately establish differences in disease
severity is limited [149,150]. On the other hand, ICM measurements are more sensitive and
have a larger dynamic range than NPD, but generation of a large dataset with repeated
measures is hampered by the need for fresh and of good quality rectal biopsies [151].
Finally, the feasibility of assessing combinations of multiples compounds to rescue mutant
CFTR was recently demonstrated in intestinal organoids [152]. As an example, a quintuple
combination composed of a read-through agent (ELX-02), an NMD inhibitor (SMG1i), two
correctors (VX-445 and VX-661) and a potentiators (VX-770) was used and demonstrated
to significantly rescue CFTR function of nonsense mutations for most analyzed intestinal
organoids, although with variable response between donors [152].

Results from FIS assay have also been compared with measurements of biomark-
ers/clinical parameters in order to establish a reliable prediction of individual responsive-
ness to CFTR modulators. In children with CF, FIS of intestinal organoids demonstrated
to correlate well with sweat Cl− levels and ICM, enabling their stratification according to
disease severity [148]. A consistent correlation was also observed among FIS of intestinal
organoids, ppFEV1 and body mass index of adults with CF carrying F508del in both alleles,
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despite some variability in clinical features [153]. After CFTR modulator therapies, re-
sponses from intestinal organoids were demonstrated to correlate with ICM measurements,
reduction in sweat Cl− levels and improvements in ppFEV1 [77,78,154], suggesting its feasi-
bility to guide label extension or compassionate use for PwCF with rare genotypes [78,155].
Nevertheless, no significant correlation was observed by FIS of intestinal organoids and
changes in clinical measurements (sweat Cl− levels, NPD, ICM and ppFEV1) of F508del-
homozygous PwCF treated with VX-809/VX-770 [156]. Such divergence may be in part
related to the modest effect of VX-809/VX-770 (or even VX-661/VX-770) and the small
sample size used in that study, suggesting that assessment in a larger group of PwCF and
of more effective CFTR modulators should be further investigated.

• Intestinal Organoids-Derived 2D Monolayers

More recently, intestinal organoids have been used to generate two-dimensional
monolayers grown on porous membrane filters to assess CFTR rescue and function by
traditional electrophysiological measurements. Such model may also be a valuable tool
to: (1) measure ion transport of alternative channels; (2) modulate expression of ion
channels/transporters via differentiation culture conditions; and (3) assist in diagnosis and
precision medicine testing. These facts are of particular relevance for PwCF carrying rare
genotypes, who are unlikely to participate in conventional clinical trials, and to investigate
CFTR-related disorders.

Intestinal organoids-derived 2D monolayers can provide an easy access to the apical,
lumen-facing membrane and the opportunity to directly assess CFTR-dependent ion trans-
port by Ussing chamber measurements [157,158]. Indeed, CFTR activity measured on these
monolayers carrying distinct CF genotypes demonstrated a good correlation with results
from donor-matched native ICM and FIS of 3D intestinal organoids [157,158]. Compared
to FIS assay, Ussing chamber measurements in 2D monolayers yet allow to measure CFTR-
mediated Cl− and HCO3

− transport separately [158]. Such fact holds great importance
since modulator drugs that are able to restore CFTR folding demonstrated to differently
impact on CFTR-dependent Cl− vs. HCO3

− transport [159,160]. Furthermore, 2D mono-
layers have a broader dynamic range, enabling thus to segregate responses from none/very
low to high residual CFTR function [158,161] and use WT-CFTR currents as a reference
value to compare efficacy of modulator drugs on different CFTR mutations. Comparing
the performance of difference model systems is the current challenge to predict therapeutic
responsiveness for real life cases. In this context, multiple variables such as dynamic range
of the assay, sensitivity and specificity to detect CFTR-mediated ion transport should be
considered in translational and clinical research.

2.3. Induced Pluripotent Stem Cells (iPSCs)

iPSCs have been used as a preclinical model to understand the CF pathological mecha-
nisms in different tissues. iPSCs are generated by reprogramming somatic cells to regain
their pluripotency using viral vectors that introduce four transcription factors Oct3/4,
Sox2, Klf4 and c-Myc in the culture conditions (Figure 2). These cells are then able to
differentiate into several cell types, including lung and intestinal epithelial cells, neural
cells and cardiomyocytes using specific protocols [162]. Due to their capacity for infinite
expansion and differentiation virtually in any cell type, iPSCs are used in developmental
biology, to understand the pathophysiology of diseases, and well as for drug discovery
and cell-based therapy. Several research groups have generated differentiation protocols
for iPSCs to generate airway and intestinal epithelial cells, and cholangiocytes, which
are the main tissues affected in CF [163]. Accordingly, iPSCs have a potential use as CF
patient-derived tissues in order to assess CF therapy in different cell types from the same
individuals and as an in vitro model to screen novel therapeutic interventions.
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Figure 2. Human induced pluripotent stem cells (iPSCs) as a preclinical tool for personalized
medicine in Cystic Fibrosis. iPSCs can be generated from adult somatic cells (i.e., skin fibroblast,
peripheral blood mononuclear cells, etc) by introducing the reprogramming genes (c-Myc, Oct4, Sox2
and Kfl4). Using efficient protocol to differentiate, iPSCs could be used to generate iPSC-derived
lung, cholangiocytes or intestine epithelial cells to test small molecules to restore the impaired CFTR
function.

There are several differentiation protocols established to generate proximal or distal
lung cells from iPSCs providing a renewable source of CF patient-derived tissue that can
be exploited for HTS of novel CFTR modulators, theratyping and beyond [164–168]. The
benchmark for a successful differentiation of iPSCs to lung tissue is the functional expres-
sion of CFTR. The first protocol showing CFTR function in iPSC-derived airway cells was
demonstrated by the FLIPR membrane potential assay, which allows for quantification
of CFTR function by using a voltage-sensitive fluorescent dye [164,169,170]. Additionally,
other groups demonstrated the measurement of the CFTR channel function by traditional
electrophysiological techniques (i.e., whole-cell patch clamp and Ussing chamber mea-
surements) [167,171]. In particular, it has been demonstrated that the functional defect of
F508del-CFTR in airway epithelial cells from CF iPSCs was restored by CFTR correctors
(i.e., C18, VX-809, VX-661) [164,170,171]. Moreover, the iPSC model was used to test novel
therapeutic strategies to restore nonsense mutations (i.e., W1282X) and splicing mutations
(i.e., I1234V) on iPSC-derived lung progenitor cells [172], reinforcing that airway epithelial
cells from CF iPSCs can be used as a preclinical tool for precision medicine. More recently,
iPSCs from PwCF carrying class I-III mutations demonstrated to serve as multimodal
platforms for drug screening by Ussing chamber measurements and FIS assay [173].

It has also been demonstrated that iPSCs could be used to generate airway lung
organoids to measure CFTR function by the FIS assay [165,174]. Interestingly, CF iPSC-
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derived lung organoids showed a poor forskolin-induced swelling, which was restored by
gene editing to correct the F508del mutation to WT-CFTR [165]. These data demonstrate the
applicability of this model in CF research, and that gene editing represents a very promising
technology for correcting CFTR mutations [175–177]. Recently three different approaches
were employed to correct the F508del mutation in iPSC-derived airway epithelial cells.
These approaches include CRISPR/Cas9, Zinc-finger nucleases (ZFNs) and transcription
activator-like effector nucleases (TALENs) [171,178,179]. In particular, after gene correction,
iPSCs were differentiated to iPSC-derived airway epithelial cells expressing WT-CFTR
located at the apical PM and its function was measured by patch-clamp or Ussing chamber
studies.

Another established model for precision medicine in CF is the iPSC-derived intestinal
cells [169,180–182]. The differentiation protocol for generating proximal intestine in a
2D model has shown its utility in identifying novel CFTR correctors by using an HTS
assay [169,183]. Moreover, it has been recently demonstrated that iPSC-derived intestinal
organoids can be employed to study other relevant membrane proteins (i.e., ENaC and
electrogenic acid transporters) in addition to the CFTR channel [184]. Therefore, this novel
method allows the screening of novel CFTR modulators, as well as small molecules that
are able to modulate other channel/transporters relevant in CF disease.

Using specific protocols, iPSC may provide the opportunity to study CFTR function
and small molecules screening in relevant tissues for CF that are not easily accessible
for sampling (e.g., liver and pancreas). For instance, iPSC-derived pancreatic organoids
from two PwCF demonstrated a decrease in FIS compared to iPSC-derived pancreatic
organoids from healthy control individuals [185]. Moreover, the authors showed that CF
pancreatic organoids could be used to screen CFTR modulators and mRNA-mediated gene
therapy [185].

In addition to the aforementioned cell types, iPSCs have been differentiated to gen-
erate cholangiocytes, which express CFTR and are responsible to alter bile composition
in the biliary ducts [186]. Indeed, CFTR demonstrated to be functional in non-CF iPSC
derived cholangiocytes, while it was dysfunctional in iPSC-derived cholangiocytes ex-
pressing F508del-CFTR [186,187]. Nevertheless, CFTR modulators demonstrated to rescue
functional expression of F508del-CFTR in this in vitro model [186,188]. Moreover, a recent
report described a highly efficient protocol to develop mature, ciliated cholangiocytes [189].
In particular, the authors demonstrated the utility of these mature iPSC-derived cholan-
giocytes for testing novel CFTR modulators by HTS and the role of cilia in cholangiocytes
development and function [189]. Such facts highlight the importance of iPSC-derived
model to provide insight into CF and CFTR-related disorders, and they may be useful to
predict disease progression and therapeutic benefits.

2.4. Organ-on-a-Chip System

Although considerable advances have been made in the development of in vitro mod-
els as surrogates of tissues, these model systems do not recapitulate the tissue–tissue
interface between endothelium and parenchymal tissues with critical transport of fluids,
nutrients, immune cells and growth factors, among others [190]. In this context, advanced
systems continue to be developed in order to more closely resemble human organ physiol-
ogy for disease modeling and drug testing. These include organ-on-a-chip devices that are
microfluidic systems constructed to integrate two cell culture chambers (e.g., epithelial cells
from a patient interfaced with human microvascular endothelium) separated by a porous
matrix-coated membrane [191,192] (Figure 3). In this micro-physiological systems, human
cells are grown inside particular devices that stimulate the various 3D tissue interfaces,
electrical stimuli and the organ function. Accordingly, this technology can recreate the
smallest functional unit of any human organ [190].

Organ-on-a-chip technology enables to progress from traditional planar monocultures
to more complex 3D co-culture systems, while also allow for the incorporation of environ-
mental conditions, such as hypoxia, inflammation, infection and mucus plugging [193–196].
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In a microvascularized human lung-on-a-chip platform, an increase in neutrophil migration
to the vascular network was observed when CF HBE cells were seeded in the epithelial
layer interface [193]. A favorable environment for Pseudomonas aeruginosa growth, mu-
cus accumulation and enhanced secretion of inflammatory cytokines were also reported
in a CF lung-on-a-chip system, demonstrating the ability of this model to recapitulate
several important clinical features of the disease [194]. In other studies, human airway
function, structure and inflammatory responses to allergic asthma and chronic obstructive
pulmonary disease were successful modeled in lung-on-a-chip systems [195,196]. This
microfluidic-based model holds particular relevance for CF, since small rodent models do
not recapitulate most detrimental aspects of the lung disease [197,198]. In parallel, a CF
pancreas-on-a-chip platform was created to assess the cell-cell communication by interfac-
ing pancreatic ductal epithelial cells and pancreatic islets from the same individual [199].
CFTR is only expressed in the pancreatic ductal epithelial cells and its dysfunction led to a
significant reduction of insulin secretion in islet cells [199]. Accordingly, this model can be
useful not only for testing CFTR modulator therapies but also to better understand and
monitor CFTR-related disorders.
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Figure 3. Graphical representation of lung and pancreas on-a-chip development for disease modeling
and drug development for personalized medicine. To generate pancreas disease modeling, pancreatic
ductal epithelial cells and pancreatic islets cells can be seeded into microfluid systems. This pancreas
on-a-chip may be used to study CFTR-related disorders and drug development in CF. Moreover,
airway or alveolar epithelial cells with pulmonary microvascular endothelial cells can be seeded
into the device to generate lung-on-a-chip in order to investigate the in vivo environment of human
airways and drug development in CF.

3. Outlook and Conclusions

Major advances have been achieved in treating CF over the last decades. Preclinical
in vitro models have been fundamental tools to gain insights into CF pathophysiology at
the molecular, cellular and tissue levels, and to establish the relationship between CFTR
mutations and disease phenotypes. These models have also paved the way for the develop-
ment of CFTR-directed therapeutics and for the search for alternative or complementary
therapeutic interventions.

With the introduction of CFTR modulator drugs into clinical practice, novel models
and assays using patient-derived samples (i.e., bronchial, nasal and rectal tissues) have
emerged and they provide a translational perspective to assess in vitro drug efficacy and to
potentially predict in vivo therapeutic responsiveness. Indeed, such models hold particular
relevance in CF not to identify which drug(s) may provide the greatest therapeutic benefits
for each individual but also to expand the license of available (and novel) modulator
drugs to individuals carrying rare CF genotypes that are responsive. Moreover, a survey
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demonstrated good acceptance of adults with CF and parents of children with CF to the
usage of patient-derived samples for theratyping, and a preference for the least invasive site
for tissue harvesting (i.e., nasal cavity rather than lower respiratory tract or rectum) [200].

In order to more closely recapitulate human organ physiology, more advanced models
continue to be developed for disease modeling and drug testing. These systems enable to
study intercellular communication and incorporate downstream consequences of CFTR
dysfunction in the same platform, including inflammation, infection and mucus burden.
It is also noteworthy that advanced models, such as iPSCs and organ-on-a-chip systems,
require extensive training with specialized research teams in order to ensure an adequate
protocol for implementation and standardization. Therefore, it is imperative to develop
precise in vitro tools to establish strong correlations between CFTR measurements in these
models and clinical features/biomarkers, and to assure that precision medicine will become
available for all PwCF.
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