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a  b  s  t  r  a  c  t

Cystic  fibrosis  (CF),  the  most  common,  life-threatening  monogenetic  disease  in Caucasians,  is  caused  by
mutations  in the  CFTR  gene,  encoding  a cAMP-  and  cGMP-regulated  epithelial  chloride  channel.  Symp-
tomatic  therapies  treating  end-organ  manifestations  have  increased  the life  expectancy  of  CF patients
toward  a mean  of  40 years.  The  recent  development  of CFTR-targeted  drugs  that  emerged  from  high-
throughput  screening  and  are  capable  of  correcting  the  basic  defect  promises  to  transform  the  therapeutic
landscape  from  a trial-and-error  prescription  to personalized  medicine.  This  stratified  approach  is tail-
ored to a specific  functional  class  of mutations  in CFTR,  but can  be refined  further  to  an  individual  level
by  exploiting  recent  advances  in  ex  vivo drug  testing  methods.  These  tests  range  from  CFTR  functional
measurements  in rectal  biopsies  donated  by a CF  patient  to the  use  of  patient-derived  intestinal  or  pul-
monary organoids.  Such  organoids  may  serve  as  an inexhaustible  source  of  epithelial  cells  that  can  be
stored  in biobanks  and  allow  medium-  to high-throughput  screening  of  CFTR  activators,  correctors  and
potentiators  on  the  basis  of  a  simple  microscopic  assay  monitoring  organoid  swelling.  Thus  the  recent

breakthrough  in  stem  cell  biology  allowing  the  culturing  of mini-organs  from  individual  patients  is not
only  relevant  for future  stem  cell  therapy,  but  may  also allow  the  preclinical  testing  of  new  drugs  or
combinations  that  are  optimally  suited  for an  individual  patient.

This article  is part  of  a Directed  Issue  entitled:  Cystic  Fibrosis:  From  o-mics  to cell biology,  physiology,

and  therapeutic  advances.
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. Introduction

Cystic fibrosis (CF) is a life-threatening autosomal recessive
onogenetic disease caused by mutations in the CFTR gene, encod-

ng a cyclic AMP- and cyclic GMP-regulated and ATP-gated chloride
hannel (Riordan, 2008). The impact of a defect in CFTR function
iffers among tissues and cell types (Antunovic et al., 2013). In
weat glands, the decreased reabsorption of sodium chloride by
he water-impermeable ductal epithelium results in elevated sweat
hloride, a hallmark of CF. In other epithelia, in particular the respi-
atory and intestinal epithelia as well as the biliary and pancreatic
ucts, CFTR dysfunction causes a loss of chloride and bicarbonate
ecretion, resulting in cellular alkalinity and luminal acidification,
mpaired decondensation of discharged mucin granules by gob-
et cells, and defective mucus expansion (De Lisle and Borowitz,
013; Greggio et al., 2013). The ensuing acidification and dehydra-
ion of the mucus layer leads to impaired mucociliary clearance and
acterial killing by epithelial defensins (Pezzulo et al., 2012); this
redisposes to recurrent infection, inflammation, mucus plugging
nd luminal obstruction. Loss of CFTR function in monocytes and
acrophages, by impairing phagocytosis and intracellular killing

f Pseudomonas aeruginosa,  contributes to the enhanced suscepti-
ility to infection in patients with CF (Bonfield et al., 2012; Sorio
t al., 2011; Van de Weert-van Leeuwen et al., 2013).

When CF was first described in 1938, the predicted survival age
f a CF patient was only 6 months. For patients born in the 1990’s
edian survival is now predicted to exceed 40 years (Wilschanski,

013). This impressive gain in life expectancy has resulted largely
rom advances in early diagnosis and symptomatic treatment of
nd-organ pathologies based on vast improvements in nutrition,

ontrol of airway infections, and physiotherapy (see Fig. 1 for
n overview of CF symptomatic treatment). Understandably the
iscovery of the disease-causing CFTR gene in 1989 created new
ope for a curative treatment targeting the basic defect rather

ig. 1. Overview of current symptomatic treatments of CF. Inset: CFTR domain structure
omain.
emistry & Cell Biology 52 (2014) 192–200 193

than treating CF disease manifestations (Clancy and Jain, 2012).
The most obvious approach, viral or non-viral gene therapy, would
potentially be of benefit to all patients with CF, independent of their
genotype. So far however CFTR gene addition or gene replacement,
despite promising advances, has not translated into clinical benefits
despite more than 20 clinical trials, mainly due to a low expression
of the CFTR transgene, inflammatory responses to viral proteins, the
development of a humoral immune response preventing successful
readministration, and the risk of insertional mutagenesis in case
of integrating viral vectors. In contrast, considerable progress has
been made in the development of tailored CFTR pharmacotherapy
for specific CFTR mutations, and the design of better in vitro preclin-
ical assays that allow the selection of the most effective therapeutic
approaches on an individual basis, i.e. personalized medicine.

2. Mutation-specific therapies

Nearly 2000 mutations in the CFTR gene have been identified
that can be subdivided in 6 different classes based on their phe-
notypic consequences (Fig. 2) (Derichs, 2013; Rogan et al., 2011).
Class I mutations cause defects in full-length protein synthesis due
to premature truncations or nonsense alleles, or to severe splic-
ing defects; class II mutations cause folding defects and premature
proteasomal degradation, class III shows normal trafficking to the
plasma membrane but defective channel gating, class IV results in
an impaired channel conductance, class V causes a reduced number
of CFTR transcripts, and class VI is characterized by a reduced pro-
tein stability and increased turnover of CFTR at the cell surface. The
first three mutation classes are associated with a nearly complete
loss of CFTR channel function and are considered severe mutations,

whereas mutations in class IV-VI may  allow residual CFTR func-
tion and are associated with a milder phenotype. F508del, the most
common mutation with an allelic frequency of around 90% world-
wide, has mixed properties of class II, III and VI and is therefore most

. MSD, membrane spanning domain; NBD, nucleotide binding domain; R, regulatory
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Fig. 2. Overview of CFTR mutation classes. The functional c

ifficult to repair at the protein level. Just four other mutations,
otably G551D (class III), W1282X, G542X (class I), and N1303K
class II) have a worldwide prevalence of 1–3% each, whereas only
0 mutations have a frequency above 0.1%.

Before the introduction of high-throughput screening (HTS) as a
ew technique in CFTR drug discovery, proof of principle showing
hat mutation-specific repair of CFTR is feasible was reached at the
NA, RNA and protein level. A major advantage of this approach
s compared to gene addition by cDNA vectors is that only those
ells expressing CFTR endogenously are corrected. Potential dele-
erious consequences of ectopic expression of the CFTR transgene,
uch as supraphysiological expression of CFTR in the cells not nor-
ally expressing CFTR are avoided, and the need for CFTR promoter

onstructs or CFTR minigenes that are difficult to transfect and to
ntegrate into viral vectors, is abolished.

.1. DNA repair

One promising approach to reach mutation-specific repair of
FTR at the DNA level is the application of recently developed
enomic editing techniques, such as the Zinc-finger nuclease (ZFN),
AL effector nucleases (TALENs), or CRISPR/Cas9 system for genome
ngineering (Joung and Sander, 2013; Lee et al., 2012). Proof of
oncept for correction of the F508del mutation in exon 11 by
omologous recombination with a donor plasmid encoding wild-
ype CFTR sequences using CRISPR/Cas9 has been reached recently

n human intestinal stem cells (Schwank et al., 2013). In principle
his approach is capable of correcting most if not all other “severe”
lass I-III mutations, by proper engineering of the 20 nucleotide
uide sequence in the single guide RNA that targets the Cas9
uences of the mutations are indicated in the flanking boxes.

nuclease to appropriate cleavage sites. However its direct therapeu-
tic application in CF patients in vivo is hampered by the low efficacy
of the repair and the mutagenic risk, requiring a time-consuming
selection step of the repaired cells that is not feasible in vivo.

2.2. RNA repair

Partial transcriptional repair of F508del-CFTR and functional
restoration of chloride transport in human CF airway cells has been
reached by spliceosome-mediated RNA trans-splicing technology
(SMaRT) using recombinant adenovirus or adeno-associated virus
(rAAV) as the delivery vector (Liu et al., 2005; Mansfield et al., 2003).
Alternatively, insertion of the missing bases (TTT) by hybridization
to a 2′-O-methyl RNA-unmodified RNA oligonucleotide duplex has
been achieved in a F508del-CFTR expressing cell line (Zamecnik
et al., 2004). Although RNA repair is transient and only mod-
estly effective, studies of CFTR splicing polymorphisms suggest
that 8% of normal CFTR message is sufficient for normal lung
function, whereas 5% is associated with relatively mild CF lung
disease (Chu et al., 1992; Ramalho et al., 2002). Genetic repro-
gramming of CFTR transcripts by SMaRT or oligonucleotides may
in principle be applicable also to other severe CFTR mutations. In
addition, the disease-causing effect of CFTR mutations affecting
the pre-mRNA splicing of the CFTR gene by disrupting or gener-
ating intronic splicing motifs (frequency ∼13%), may be reduced
in a mutation-specific fashion by bifunctional antisense oligonu-

cleotides providing a trans-acting splicing enhancer, or by synthetic
exon-specific activators or modified U1 small nuclear RNAs capable
of correcting exon skipping (Fernandez Alanis et al., 2012; Nissim-
Rafinia et al., 2004). However the clinical utility of these techniques
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or ameliorating CF lung disease is not yet proven and awaits the
evelopment of suitable and safe in vivo delivery vectors, for exam-
le rAAV engineered to escape neutralizing antibodies, or methods
o penetrate the mucus and periciliary layer in the CF lung more
ffectively (Hida et al., 2011). Because oligonucleotide and viral
epair techniques are less suitable for oral or systemic delivery,
hese therapies are likely to remain restricted to aerosolic treat-

ent which targets only the lung compartment, in contrast to the
rally applied CF therapeutics discussed hereafter.

.3. CFTR protein therapy

.3.1. Repair of class I mutant CFTR
Of all CFTR mutations identified, ∼10% are nonsense muta-

ions (class I) that result in the creation of premature termination
odons (PTCs) and rapid degradation of CFTR transcripts by a qual-
ty control mechanism known as nonsense-mediated mRNA decay
NMD) to prevent the synthesis of truncated proteins with poten-
ial dominant negative effects (Clancy and Jain, 2012; Derichs,
013; Wilschanski, 2013). Aminoglycoside antibiotics, including
obramycin, gentamycin and amikacin, do not repair the RNA
irectly but bind to the ribosomes and cause the insertion of a near
ognate amino-acyl tRNA into the ribosomal A site. This process
uppresses translational fidelity and allows the ribosome to read
hrough the PTC and to produce full-length protein.

Recently the non-aminoglycoside PTC suppressor ataluren (PTC
24; identified by HTS) which is orally bioavailable and non-toxic,
as been assessed in a large phase III clinical trial. Despite some suc-
ess in Phase II testing (Sermet-Gaudelus et al., 2010; Wilschanski
t al., 2011), ataluren did not significantly improve the primary end-
oint in Phase III (Xue et al., 2013). Several recent in vitro reporter
ssay studies likewise failed to confirm the read-through efficacy
f PTC124, and the reliability of the original HTS has been ques-
ioned (McElroy et al., 2013). However encouraging results were
btained recently in preclinical studies using a second generation of
ynthetic aminoglycosides designed to provide higher readthrough
ctivity with reduced mitochondrial toxicity (Xue et al., 2013).

.3.2. Repair of conformational defects in the CFTR protein
Defects in protein conformation, as occur in mutant CFTR, can

e rescued by two different approaches: (1) through stabilizing
he protein native state with pharmacological chaperones (PCs)
hat bind directly to the channel protein; and (2) through altering
he activity of the transcriptional, folding, or membrane traffic-
ing machinery or blocking the degradation of partially folded, but
unctional CFTR at the endoplasmic reticulum (ER) or the plasma

embrane (PM) by so-called proteostasis regulators (PRs) (Lukacs
nd Verkman, 2012; Okiyoneda and Lukacs, 2012). Most CFTR traf-
cking mutants, including F508del, with a few exceptions (e.g.
480C; N287Y), show additional defects in channel gating function,
nd most PCs and PRs identified thus far only partially normal-
ze the channel conformational defect. Effective protein repair may
herefore need the combined use of either PCs or PRs (collectively
alled ‘correctors’) which promote CFTR exit from the ER and accu-
ulation in the PM, and ‘potentiators’ which improve channel

ating (Rowe and Verkman, 2013).

.3.3. Structural and functional repair of F508del-CFTR and other
lass II mutant CFTRs

It has recently been shown that F508del-CFTR actually con-
ains two distinct folding defects. Studies on second site suppressor
utations and evolved sequences coupled to the F508del residue
howed not only misfolding of NBD1 (containing residue 508), but
lso instability of the NBD1-MSD2 interface (Mendoza et al., 2012;
abeh et al., 2012). This may  explain the rather modest rescue effect
emistry & Cell Biology 52 (2014) 192–200 195

of most CFTR correctors available to date, which target only a sin-
gle defect. Thus multidrug therapy with a combination of a NBD1
domain stabilizer (now mechanistically classified as a “class I cor-
rector”) and a NBD1-MSD2 interface stabilizer (“class II corrector”)
may  be required to overcome the previously observed “ceiling” in
CFTR protein repair (Okiyoneda et al., 2013). Conceivably, the par-
allel targeting of multiple conformational defects by separate small
molecule correctors will allow wild-type folding of the mutant pro-
tein and obviate the need for a potentiator.

The current collection of preclinically active PCs and PRs is broad
and rapidly expanding. It includes not only small molecules but also
transcomplementing CFTR fragments (Cormet-Boyaka et al., 2004)
and RXR peptides (Kim Chiaw et al., 2009). The most promising
PC developed so far, VX-809 (Lumacaftor; Vertex Pharmaceuticals)
has emerged from HTS in a recombinant cell-based assay and is
capable of restoring ∼15% CFTR channel activity in primary respi-
ratory epithelia expressing F508del-CFTR (Van Goor et al., 2011).
VX-809 is more selective for CFTR than most other folding cor-
rectors (for example VRT-325 and corr-4a) and acts early in CFTR
biogenesis to interact directly with MSD1 and modulate its confor-
mation (Loo et al., 2013; Ren et al., 2013). In this way it not only
corrects disease-causing mutations in CFTR MSD1 with a high effi-
cacy, but also allosterically suppresses the assembly defects in CFTR
caused by F508del and by several other remote folding mutations
in the fourth intracellular loop (ICL4). Therefore VX-809 mono-or
combination therapy, by promoting interdomain communication,
may  restore function to a large number of rare CFTR mutations,
aside its main action as a class II F508del-CFTR corrector.

Results of a phase IIa clinical study of VX-809 showed a small
but significant reduction of sweat chloride values, but no significant
improvement in nasal potential difference (NPD), lung function or
maturation of F508del-CFTR in rectal biopsies (Clancy et al., 2012).
VX-809 is reported to normalize the gating of corrected F508del-
CFTR but has no direct potentiating action, explaining why  acute
addition of a potentiator further increased the activity of VX-809-
corrected F508del-CFTR (as well as wild-type CFTR) by two-fold
(Van Goor et al., 2011). The therapeutic relevance of this gain in
activity is presently explored in a phase III clinical study of homozy-
gous F508del CF patients, encouraged by data from a phase II
study showing improved lung function in approximately 50% of
the participants undergoing VX-809/VX-770 combi-therapy (see
http://www.cff.org).

Aside VX-809, several other small molecule F508del-CFTR cor-
rectors may  qualify as candidate CF therapeutics, some of which
are already in clinical use against other diseases. These include the
psoralen-related compound and psoriasis drug trimethylangelicin
(TMA), granted orphan designation by the EMA, and acting as a
“dual” F508del-CFTR corrector and potentiator, and as a suppres-
sor of IL-8 transcription (Tamanini et al., 2011); the cyanoquinoline
CoPo-22 emerging from HTS, with dual corrector and potentia-
tor activities albeit in the micromolar range (Phuan et al., 2011);
in silico-selected disruptors of keratin8-F508del NBD1 interaction,
functioning as potent correctors of CFTR maturation and trafficking
(Odolczyk et al., 2013); inhibitors of F508del CFTR-CAL interaction,
promoting the formation of a stable F508del CFTR-NHERF1 com-
plex in the plasma membrane (Wolde et al., 2007); inhibitors of
the Hsp90 co-chaperone Aha1 (Koulov et al., 2010); and silden-
afil, a phosphodiesterase type V (PDE5) inhibitor used clinically
against erectile dysfunction (Dhooghe et al., 2013; Leier et al.,
2012; Lubamba et al., 2008; Noel et al., 2012). Sildenafil may
increase CFTR activity through cGMP-dependent phosphorylation
or through direct cGMP-CFTR interaction, but is also functioning as

a relatively weak F508del-CFTR corrector, possibly due to its struc-
tural resemblance with the corrector VRT-325 (Kalid et al., 2010).
Although the rapid expansion of a broad collection of CFTR correc-
tors is encouraging, in most cases additional mechanistic and/or

http://www.cff.org/
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oxicity studies remain to be done before clinical testing can be
onsidered.

.3.4. Improvement of CFTR gating by potentiators
Most CFTR class III gating mutations, including the most com-

on “Keltic” mutation, G551D (frequency ∼3%) are localized in
he ABC signature sequence or in the Walker A or B motif of the
wo ATP binding pockets (ABP1 and ABP2) of the NBDs (cf. Fig. 1,
enter), and cause a defect in ATP-dependent channel gating with-
ut abnormalities in synthesis, trafficking or CFTR phosphorylation
Yu et al., 2011). Recent insights into the CFTR gating mechanism
ave revealed the existence of two distinct open states, O1 and
2, with different NBD configurations: a highly stable O1 state, in
hich with ATP occupies the ABP2 catalytic site, and the more tran-

ient O2 state, lacking ATP in ABP2 (Jih and Hwang, 2013). VX-770
Ivacaftor), the first FDA-and EMA-approved CF medication forth-
oming from HTS that directly targets CFTR, was found to stabilize
he O2 state, thereby promoting ATP-independent gating. This non-
onventional gating mechanism could be reproduced in purified
551D-CFTR inserted in planar lipid bilayers and proteoliposomes,
onfirming that VX-770 binds directly to the CFTR protein, most
lausibly to the MSDs rather than the NBDs (Eckford et al., 2012).
tabilizing O2 may  also promote reentry of the channel into the
ating cycle and the transition to the O1 state, thereby increasing
TP-dependent gating of WT-CFTR. This new gating model may
xplain why VX-770 increases the open probability of both WT
FTR and all 10 class III gating mutants tested (Yu et al., 2012),
s well as numerous other CFTR forms with missense mutations or
eletions, including F508del and R117H (Rowe and Verkman, 2013;
an Goor et al., 2014).

In several phase III trials oral VX-770 treatment of G551D
atients led to rapid, dramatic and sustained improvements in
EV1 and body weight, and a strong reduction of sweat chloride
nd pulmonary exacerbations (reviewed in Rowe and Verkman,
013). However a 4-month placebo-controlled trial of Ivacaftor

n F508del-CFTR homozygous patients only reduced sweat chlo-
ide by a small amount (Flume et al., 2012). The relative failure
f VX-770 monotherapy in F508del patients has been commonly
ttributed to the very low levels of F508del-CFTR at the cell sur-
ace. However recent studies on human bronchial cells suggest
n alternative explanation: in these cells, chronic exposure to VX-
70 resulted in a dramatic increase in endocytosis and lysosomal
egradation of WT-  and F508del-CFTR, but not of G551D channels
Cholon DM,  2013). Whether this phenomenon is limited to VX-770
r is a property of other potentiators too, is not known and war-
ants further investigation. If occurring also in vivo, it may  impact
he outcome of the ongoing phase III combi-trial of VX-809 and
X-770.

The isoflavone genistein, a major component of soya-rich food,
otentiates G551D- and F508del-CFTR channels by binding to the
BDs and promoting ATP-dependent gating (French et al., 1997;
ohma et al., 2013), but also enhances CFTR phosphorylation at
asal cAMP levels (Pyle et al., 2011) and inhibits CFTR endocytosis
hrough an ill-defined mechanism (Lim et al., 2007). In contrast,
urcumin, another food component and CFTR potentiator, mimics
he effect of VX-770 by binding to the MSDs and promoting ATP-
ndependent channel gating (Wang et al., 2007). As predicted from
heir distinct mechanism of action, the combined application of
enistein and curcumin in a low concentration range (5–10 �M)
ynergistically restored the gating defect of G551D of up to ∼50%
f the WT  level (Sohma et al., 2013). Further clinical studies using

ombinations of both food components (or combinations of genis-
ein and VX-770, likewise predicted to act synergistically) are
eeded to determine the therapeutic potential of the combination
herapy relative to monotherapy.
emistry & Cell Biology 52 (2014) 192–200

3. Toward individualized therapies

The success of VX-770 monotherapy in G551D patients and
improved insights into the mechanism of action of CFTR poten-
tiators and correctors have greatly boosted attempts to develop
more potent and specific CFTR modulators targeting a specific
class of mutant CFTR. To define the optimal treatment for an
individual patient, genotyping of CFTR is clearly the first step. Sub-
sequently, in case of rare mutations with an unknown phenotype,
one approach is to express the protein from a mutated cDNA in a
model cell line, for example Fischer rat thyroid cells (Van Goor et al.,
2013), followed by CFTR localization and functional assays in the
absence and presence of CFTR modulators. This method however is
unable to report possible differences in corrector and potentiator
response among individuals belonging to the same CFTR muta-
tion class, such as caused by polymorphisms in the CFTR gene
and CF modifier genes, or by differences in the CFTR interactome.
Moreover this technique may  be prone to artifacts inherent to
CFTR overexpression or to the heterologous cellular background,
and is unsuitable for studying splice mutations or complex geno-
types, e.g. CF compound heterozygotes. Such confounding factors
may  explain why some correctors potently act in transfected cell
lines but fail in primary epithelial cell cultures (Pedemonte et al.,
2010).

Considering the limitations of heterologous expression systems,
the use of native epithelium or primary cell cultures, obtained from
CF patients, for CFTR corrector testing seems indicated. Evidently,
access to such patient material is limited, and this has hampered
its application for this purpose. However recent breakthroughs in
the field of stem cell biology now allow large scale cell expansion of
non-transformed cells, derived from single biopsies (skin, intestine,
respiratory tissue) or blood samples, opening a new chapter for
translational CF research.

3.1.1. Testing CF therapeutics in rectal biopsies and rectal
organoids

As illustrated in Fig. 3, one convenient and minimally invasive
technique that is even applicable to CF neonates starts with the har-
vest of one or more rectal biopsy specimens by forceps or suction,
followed by measurements of CFTR-mediated transepithelial chlo-
ride and bicarbonate currents (“ICM”) in Ussing chambers (Clancy
et al., 2013; De Boeck et al., 2011; De Jonge et al., 2004). Both acute
and chronic effects of CFTR modulators can be monitored using
incubation conditions that maintain tissue viability for at least 20 h.
Uniquely this technique allows testing of CFTR modulators ex vivo in
native, non-cultured epithelium, in which, auspiciously, non-CFTR
chloride channels minimally contribute to the ICM response. It can
also be used to monitor other CF-relevant pathologies, such as intra-
cellular alkalinization and defects in mucin degranulation. Studies
on biopsies from class V splice mutation patients indicate that the
level of CFTR expression in colonic epithelium is such that only
circa 20% of mature, normal CFTR protein in this two-membrane
assay (apical chloride exit; basolateral chloride import) suffices to
normalize the ICM response (when CFTR is stimulated by saturat-
ing forskolin/cAMP levels). This implies that ICM can detect minute
improvements in CFTR function. However, because ICM responses
plateau at >20% of normal protein abundance, its dynamic range is
rather narrow (De Boeck et al., 2011). To some extent, this range
can be expanded by using suboptimal stimulation (low forskolin).
Such a strategy may  be particularly important to identify corrector
effects in biopsies carrying very mild mutations (e.g. R117H) that

are associated with < 80% loss of CFTR function.

A clear limitation of the ICM test is its low capacity (only
4–8 biopsies/patient) and lack of expandability and suitability
for large-scale corrector screening. However this problem can be
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Fig. 3. Personalized medicine entails drug testing on cells or tissues obtained from individual CF patients to pinpoint the most effective treatment strategy.
Suitable  cell types or tissues (i) express sufficient amounts of CFTR to allow large scale assessment of CFTR activity; (ii) are readily available from each patient (preferably
also  from infants) through a well-tolerated and safe isolation procedure; (iii) are expandable so to allow testing of multiple drug candidates within a wide concentration
range  and, preferably, at suboptimal and optimal cAMP levels (to mimic the variable hormonal/neuronal stimulation by cAMP agonists seen in vivo). The tissues/cell types
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elected for the flow diagram represent the major if not sole sources satisfying thes
f  its performance in assays that (directly or indirectly) assess CFTR function (green

vercome by converting the rectal biopsies into epithelial
rganoids (also named enteroids) using a 3-D culturing technique
eveloped recently by the Clevers group (Sato and Clevers, 2013;
ato et al., 2009, 2011). This primary culture method enables
ntestinal stem cells to expand into closed and self-renewing
rganoids containing crypt-like structures and an internal lumen
ined by differentiated cells, recapitulating the in vivo tissue archi-
ecture. Activation of CFTR by the cAMP agonist forskolin drives
he secretion of electrolytes and fluid into the lumen of the
rganoid, resulting in forskolin-induced swelling (FIS) (Dekkers
t al., 2013). Luminal expansion is fully blocked by pharmacological
FTR inhibitors and completely absent from CFTR-null organoids,
nderscoring the validity of FIS as a CFTR-specific assay. Quantifi-
ation of FIS in calcein green-labeled organoids grown in 96-well
lates (up to 80 organoids/well) using live-cell confocal microscopy
nd imaging software appeared highly reproducible and allowed
he testing of up to 32 conditions per experiment in triplicate. Nor-

alized non-corrected FIS rates differed greatly between different
FTR genotypes (non-CF > class V (A455E) > class II (F508del) > class

), and, perhaps less evident, between individuals carrying the same
lleles (i.e. F508del/F508del). Similar to the ICM, FIS is a two-
embrane assay reaching a “ceiling” at about 20% of “normal”

FTR activity, beyond which apical CFTR activity no longer limits
he rate of water secretion. As in case of ICM, the assay is highly
ensitive which explains why organoids derived from homozygous

508del/F508del patients, without prior corrector treatment, show

 definite residual, albeit variable FIS activity (∼5% of non-CF, cor-
esponding with ∼1% CFTR activity), which can be enhanced by
otentiators, such as VX-770 (Dekkers et al., 2013).
ria. The most effective (combination of) CFTR modulator(s) is selected on the basis
s).

The FIS assay readily reveals that organoids isolated from dif-
ferent CF patients, even when these carry the same or similar (i.e.
same class) CF alleles, may  respond differently to (1) a single correc-
tor or potentiator; (2) a combination of corrector and potentiator
(e.g. VX-809 +VX-770 in F508del homozygotes), and (3) a combina-
tion of two different correctors (e.g. VRT-325 and Corr-4a) (Dekkers
et al., 2013). Even larger individual differences are expected in case
of a PR-type of CFTR corrector considering its stronger dependence
on cellular background and CFTR interactome in comparison with
a PC.

Obviously the FIS assay can only report intrinsic differences
between CFTR modulator efficacies at the level of intestinal epithe-
lial cells; it cannot account for individual differences in numerous
other therapeutically relevant factors in vivo, such as pharma-
cokinetics, infection, inflammation, mesenchyme-epithelium and
lymphocyte-epithelium communication, and the frequency and
intensity of physiological stimuli, in particular �-adrenergic and
VIPergic cAMP agonists. Therefore additional studies designed
to correlate drug responses in vivo with drug testing by FIS in
organoids from the same patient are needed to gain more insight
into the predictive value of the FIS assay. Moreover, rectal biopsies
are the most convenient source for generating intestinal organoids
from individual CF patients, but the results of the FIS assay in rectal
organoids may not always be representative for drug responses in
other intestinal segments, in particular the small intestine.
Another favorable aspect of organoid cultures is their ability
to maintain intact stem cell compartments and (epi)genetic sta-
bility even after >40 passages. Repetitive passaging will generate
a large number of organoids from individual patients that can be



1 f Bioch

s
t

3
t

d
c
t
a
a
d
n
M
t
b
c
e
g
i
t
f
t
e
i
a
t
(
l
t
m
a
h
l
t
C
m
n
l
b
s
o
i

c
p
b
p
p
c
a
C
w
t

3

r
e
e
p
e
(
t

98 P.T. Ikpa et al. / The International Journal o

tored in biobanks and used later for testing newly developed CF
herapeutics.

.1.2. Organoids from airway epithelium as tools for testing CF
herapeutics

Although the intestine and lungs both originate from endoderm
uring embryonic development, intestinal epithelium cannot be
onsidered simply as a surrogate model for the airways. In con-
rast to the intestine, the cell turnover in the lungs is very low but
ccelerates upon tissue injury, causing cryptic stem cells (presum-
bly basal cells) to self-renew and generate luminal cells, including
ifferentiated ciliated cells (Rock et al., 2009). Similar to intesti-
al stem cells, these cells may  form spheric structures in vitro.
ore recent studies have shown that this process is reversible, and

hat fully differentiated epithelial cells, as present in tracheal or
ronchial biopsies, can be reprogrammed to reach an adult stem
ell-like, indefinite proliferative state (Liu et al., 2012; Suprynowicz
t al., 2012). Induction of these karyotype-stable and nontumori-
enic “conditionally reprogrammed” cells (CRCs) is reached by
solating cells from small biopsies or cryopreserved tissue by pro-
ease dissociation and growing the cells on a layer of fibroblast
eeder cells in the presence of a Rho kinase (ROCK) inhibitor. Impor-
antly, these cells maintain their epigenetic memory and, following
xpansion, shift back to their original differentiated phenotype,
ncluding ciliated cells and goblet cells, upon removal of the feeders
nd the inhibitor. By placing them into an appropriate 3D cul-
ure system, they are capable of forming spheric lung organoids
grown in Matrigel) or monolayers of epithelial cells (grown as air-
iquid interface cultures on filters). These can potentially be used
o monitor CFTR activity in FIS assays or transepithelial current

easurements, and to study the efficacy of CFTR modulators, in
nalogy to rectal biopsies and organoids (Fig. 3). Potential hurdles
owever are the relatively low expression levels of CFTR in human

ung epithelial cells, possibly resulting in very low FIS rates and
ransepithelial currents, and the presence of compensatory non-
FTR channels, e.g. calcium-activated chloride channels, that are
uch less prominent in the intestine. Clearly further research is

eeded to evaluate the feasibility of CF drug testing in epithe-
ial monolayers and organoids derived from nasal brushings or
ronchial biopsies. If successful, this approach would offer the
ame advantages for individual drug testing as discussed for rectal
rganoids, but, considering the severe CF lung pathology, obtained
n an even more CF-relevant cell type.

Another option to generate patient-specific airway epithelial
ells for testing CF therapeutics starts with the creation of induced
luripotent stem cell (iPSC) lines from dermal fibroblasts donated
y the CF patient, followed by an in vitro directed differentiation
rotocol using growth factors that mimic  endoderm developmental
athways, and culturing the cells under Air–liquid-interface (ALI)
onditions on permeable substrates (Wong et al., 2012). However,
lthough a subpopulation of cells did express CFTR and showed
FTR activity in an iodide efflux assay, the cell culturing procedure
as highly time-consuming, and the assay was not robust enough

o demonstrate clear effects of a VX-809 like corrector.

.1.3. Testing CF therapeutics in immune cells

The “personalized medicine” approaches discussed so far are
estricted to epithelial cells and organoids; however, CFTR is also
xpressed at low but functionally important amounts in non-
pithelial cells including myeloid cells (Bonfield et al., 2012), in

articular monocytes (Sorio et al., 2011, Van de Weert-van Leeuwen
t al., 2013), macrophages (Deriy et al., 2009) and lymphocytes
Krauss et al., 1992). CFTR defects in these cells may  contribute
o abnormalities in the innate immune defense of CF patients
emistry & Cell Biology 52 (2014) 192–200

(Tang et al., 2012), implying that restoration of CFTR function by
orally available CFTR correctors and potentiatiors may  be of prime
importance in preventing inflammation and infection. Though our
present knowledge of CFTR biosynthesis, processing and function in
immune cells is fairly limited (Sorio et al., 2011), studying the effect
of CFTR modulators in cells isolated from individual CF patients is
clinically highly relevant. This can be done on a small scale using
monocytes isolated freshly from blood samples of the patient, or
following expansion of lymphocyte cell lines immortalized with
Epstein–Barr virus, using fluorescent membrane potential sensing
probes or other live assays to monitor CFTR activity (Fig. 3).

4. Summary and future prospects and challenges

The development of mutation-specific and personalized ther-
apies for CF is progressing rapidly, spurred by major technical
advances at various levels. Firstly, the introduction of reliable new-
born screening methods allows early evaluation of the efficacy of
CFTR-restoring drugs, and optimization of treatment at the per-
sonal level, before overt disease progression sets in. Secondly,
the advent of next generation DNA sequencing techniques, which
allow the rapid detection of mutations within the full length of the
CFTR gene, including introns and the promoter region. Thirdly, the
development by HTS and other approaches, of an ever-expanding
collection of CFTR protein correctors and potentiators, with proof
of clinical efficacy established for at least one compound, the CFTR
potentiator VX-770. Due to the oral bioavailablity of these new CF
therapeutics, CFTR repair is no longer restricted to the lungs, as is
the case for most DNA- and RNA-based mutation repair techniques,
but is feasible in virtually all CF-relevant cell types, including bile
ducts, intestine, sweat glands and immune cells.

Finally, the development of novel techniques to generate almost
unlimited numbers of epithelial cells and organoids from stem cells
in the intestine and from conditionally reprogrammed stem cells
in the airways, and the introduction of simple, robust and high-
throughput assays to measure CFTR activity in organoids by FIS, has
made it possible to perform pre-clinical CFTR modulator screens
in cells originating from individual CF patients. This approach is
clearly superior to modulator assays in heterologous mutant CFTR
expression systems because (i) it allows the detection of modulator
responses for individual CF patients, irrespective of the mutation,
and of possible differences in response to the same modulator
between CF patients; (2) CFTR correction is assessed in a native
cellular and genetic background, closely reflecting the in vivo con-
dition; (3) artifacts of CFTR under- or overexpression are avoided.
Moreover, the option to store cells or organoids from individual CF
patients in biobanks implies that only a single donation of a small
amount of tissue is needed to allow repetitive preclinical optimiza-
tion of treatment with existing CF therapeutics or with new drugs
emerging from drug development programs. It should be empha-
sized, however, that the value of the new preclinical drug screening
tests for predicting the efficacy of a CF drug in the clinic still awaits
thorough verification by comparisons of in vitro versus in vivo drug
responses in a large number of CF patients belonging to different
mutation classes.

Patient-specific epithelial organoids also hold promise for
regenerative medicine approaches to treat CF disease in the lungs,
intestine, and perhaps other organs including the exocrinic and
endocrinic pancreas (Greggio et al., 2013; Huch et al., 2013b) and
the liver (Huch et al., 2013a, 2013c) (Fig. 3). The feasibility of
in vivo epithelial transplantation was demonstrated recently in a

mouse model showing long-term (>6 months) repair of chemically-
induced lesions in the colon of immunocompromised recipient
mice by functional engraftment of colonic organoids expanded
in vitro from a single adult colonic stem cell (Yui et al., 2012). By
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ombining this approach with mutation-specific repair of CFTR in
he patient’s own tracheal/bronchial organoids, as has been done
uccessfully in human intestinal organoids using the CRISPR/Cas9
enome editing system, stepwise replacement of CF epithelium by
sogenic, non-immunogenic and non-tumorigenic epithelial trans-
lants may  perhaps become feasible in the far future.
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