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Abstract

Background: Cystic fibrosis is a rare recessive monogenic disease caused by loss-of-function mutations in the Cystic
Fibrosis Transmembrane Conductance Regulator (CFTR) gene. Recently developed CFTR-modulators (i.e. drugs that
rescue CFTR-function) have improved the prognosis of the disease, but are only available for certain, relatively
common mutations. More than 2000 genetic variants in CFTR have been described, many of which are
uncharacterized, while efficacy of CFTR-modulators can differ depending on genotype. Personalized models that
can predict drug efficacy in patients with rare mutations could help to provide access to effective CFTR-modulator
treatment. The forskolin induced swelling (FIS) assay in rectal organoids can robustly measure CFTR-function and
CFTR-modulator efficacy, and pilot studies indicate that FIS accurately predicts treatment efficacy in individual
patients. In the HIT-CF Organoid Study, rectal organoids from patients with rare CFTR-mutations are screened for
CFTR-modulator efficacy to identify patients that could clinically benefit from these drugs.

Methods: In this EU-H2020 funded multi-centre study, rectal biopsies are obtained from approximately 500 subjects
with rare CFTR-mutations from 17 different EU countries and sent to central laboratories. Organoids are generated,
on which several novel CFTR-modulating drugs are screened for efficacy. In the process, a biobank is generated
which could be used for future research. Subjects whose organoids show a response to treatment will be asked to
participate in subsequent clinical trials evaluating the clinical efficacy of tested drugs.

Discussion: The HIT-CF Organoid Study applies the intestinal organoid model for personalized medicine in patients
with rare variant cystic fibrosis, who are currently excluded from classical CFTR-modulator trials. Together with the
subsequent clinical trials in high responders, this study aims to create a new pathway for access to CFTR-
modulating drugs for patients with ultra-rare CFTR variants.

Trial registration: This trial has been registered in the Netherlands Trial Registry (NTR7520, https://www.trialregister.
nl/trial/7304), a primary registry approved and recognized by WMO and ICMJE, on 2018-10-02.
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Background

Cystic Fibrosis (CF) is a life shortening rare disease caused
by loss-of-function mutations in the Cystic Fibrosis Trans-
membrane Conductance Regulator (CFTR) gene [1, 2].
Dysfunctional CFTR impairs epithelial chloride and bicar-
bonate transport, which leads to thickening of secretions
in multiple organs, resulting in respiratory failure, endo-
crine dysfunction, liver cirrhosis, gastrointestinal disorders
and early death [3]. CF is a monogenic recessive disease,
and more than 2000 different variants in the CFTRgene
have been described (genet.sickkids.on.ca) [4]. The
F508del mutation is present in ~ 80% of European CF pa-
tients, but 351 other variants have been confirmed as
pathogenic [5]. The characteristics and disease liability of
the remaining variants remain mostly unclear. They can
affect CFTR function via distinct (combinations of) mech-
anisms and can result in different levels of CFTR dysfunc-
tion and clinical disease [1, 6].

The recent introduction of so-called CFTR-
modulators has caused a paradigm shift in the treatment
of cystic fibrosis. Four different drug categories can in-
crease CFTR protein availability and function, and act in
a CFTR mutation specific fashion.

Ivacaftor, the first CFTR modulator on the market,
was identified as CFTR potentiator for patients with so-
called gating mutations that are present in ~5% of CF
patients. In these patients ivacaftor increases the open-
probability of the CFTR channel, thereby improving the
anion transport [7].

A combination of ivacaftor and the corrector lumacaf-
tor proved to be effective in patients with the most com-
mon F508del mutation [8, 9]. CFTR-correctors aim to
correct impaired CFTR folding and trafficking to the cell
surface [10, 11]. Typically a potentiator with one or two
correctors are needed to optimally re-establish the func-
tion of the complex CFTR-channel in patients with one
or two F508del alleles [12, 13], and these combination
treatments can lead to effective treatment for ~ 85% of
the CF population [14, 15].

The third type of CFTR modulators are CFTR-read-
through agents that promote ribosomal read-through at
premature termination codons (PTCs) and thus lead to
full length CFTR protein production in patients with
nonsense mutations [16]. CFTR-amplifiers increase
CFTR mRNA availability and might act in a genotype
agnostic fashion [17]. The therapeutic targets of read-
through agents and CFTR-amplifiers still need to be
assessed. Another interesting CFTR-modulating drug
category are CFTR-stabilizers that aim to stabilize
CETR-protein activity at the cell membrane through dif-
ferent molecular targets [18, 19].

CF patients with non-F508del and non-gating muta-
tions (approximately 12,000-13,000 patients worldwide)
are very heterogeneous and carry > 2000 different ultra-
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rare and mostly uncharacterized CFTR mutations (genet.
sickkids.on.ca and cftr2.org) [4, 5]. Moreover, patients
carry a combination of two CFTR variants which further
complicates the prediction of drug efficacy in individual
patients. The role of current CFTR-modulators in these
patients is hardly described and clinical efficacy can not
be tested in classical clinical trials due to extremely low
patient numbers. In this population, there is a clear un-
met need to match the best CFTR-modulator (combin-
ation) to each individual.

Recent stem cell technologies enable the long-term cul-
ture of patient-derived tissues in the laboratory as orga-
noids [20, 21]. Organoids are three-dimensional cell
cultures that recapitulate features of the tissue from which
they originate [20]. Dekkers et al. developed a functional
CFTR assay in intestinal organoids that were grown from
easily obtainable rectal biopsies which provides a way to
rapidly collect and biobank tissues from individual pa-
tients [22]. CFTR function can be measured upon stimula-
tion of organoids with forskolin, which leads to CFTR
phosphorylation, CFTR channel opening and subsequent
transport of chloride and water into the organoid lumen.
Although forskolin-induced swelling (FIS) of intestinal
organoids is an indirect measurement of CFTR function
as it quantifies fluid rather than ion transport, FIS is fully
CFTR dependent and provides a rapid, phenotypic assess-
ment of CFTR function. Residual CFTR function in orga-
noids correlates with several clinical disease parameters
[23, 24] and biomarkers of CFTR function [25].

Importantly, the effect of CFTR modulators on CFTR func-
tion can be robustly measured by the FIS assay through quan-
tification of increased swelling upon drug incubation in vitro
[26]. Using this assay, correlations were observed between
organoid drug-induced swelling and drug responses in clinical
trials at the population level [26], as well as a high-to-excellent
accuracy predicting individual in vivo responses to CFTR
modulators [27]. This has led to the identification of successful
treatment of several patients with ultra-rare genotypes that
showed high FIS to CFTR-modulating drugs in their orga-
noids [26, 27]. Moreover, drugs that showed potential in other
pre-clinical model systems but not in organoids subsequently
failed to produce clinical benefit, highlighting the specificity of
organoids in finding meaningful clinical changes [28]. By pro-
viding an individual assessment of CFTR modulator efficacy
without a priori knowledge of the CFTR mutations, organoid
CFTR function might be exceptionally suited to stratify people
with ultra-rare mutations for effective treatments.

To further implement the FIS assay as a personalized
medicine approach for patients with rare CFTR-mutations,
we developed the HIT-CF project (www.hitcf.org) [29].

Rationale for the current study
The Human Individualized Treatment for CF (HIT-CF)
project was developed to bring CFTR-modulators to CF
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patients with rare mutations, and has received funding
through the European Union’s Horizon2020 programme
(grant agreement No. 755021). The project consists of
three parallel and intertwined pathways aiming to gener-
ate new treatment options and reimbursement of drugs
for this patient group (Fig. 1). First, the HIT-CF Orga-
noid Study will screen different CFTR-modulators on
organoids generated from 500 patients with rare CFTR
mutations across Europe. Multiple pharmaceutical com-
panies have committed to providing their investigational
drugs (currently in phase I/II clinical trials) for the
screening phase. The compounds being tested comprise
the full range of different CFTR-modulator categories
currently in the clinical domain (i.e. read-through agents,
amplifiers, correctors and potentiators). An in vitro drug
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screening will identify which patients are most likely to
clinically respond to one of the drug(s) (combinations).
Once these patients have been identified, subsequent
studies will evaluate the clinical efficacy of the drugs in
patients identified as being ‘in vitro responders’, with the
aim to gather sufficient data for regulatory approval of
the drugs in these specific patients.

The second pathway is the generation of a living orga-
noid biobank. Organoids from all 500 subjects in the
HIT-CF Organoid Study will be stored for the study at
Hubrecht Organoid Technology (HUB), and can be used
for future drug development efforts. Currently, a bio-
bank is set up to include materials from subjects across
Europe. When patients consent to the long-term storage
of their organoids, these can be used by academic
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laboratories worldwide, and collaborations can be ex-
plored with pharmaceutical companies to screen poten-
tial new CFTR-modulating drugs in this patient
population.

The third pathway is aimed at regulatory access and
reimbursement of the drugs in this patient population.
Within the project, organoids are used to identify pa-
tients and data will be gathered on the predictive value
of organoids. If this approach is to be implemented in
regular practice, it needs the support of stakeholders
such as regulatory agencies and insurance companies.
Discussions with these stakeholders are ongoing to clar-
ify what data is important, and their advice will be used
to further optimize the project.

The currently ongoing HIT-CF Organoid Study
(NTR7520) will be described here.

Methods

Clinical design

The aim of the HIT-CF Organoid Study is to collect rec-
tal biopsies and culture intestinal organoids from at least
500 patients with ultra-rare CFTR mutations on both al-
leles. Subsequently the study aims to identify the pre-
dicted best clinical responders (based on amount of
organoid swelling) to new CFTR-modulators from differ-
ent pharmaceutical companies.

The study design is an international multi-center
study. Rectal biopsies are collected from 500 subjects in
different clinical sites across Europe, all members of the
clinical trial network of the European Cystic Fibrosis So-
ciety (ECFS-CTN). Investigational study drugs will be
tested on each organoid in one of three academic labora-
tories (University Medical Centre Utrecht (UMCU),
Katholieke Universiteit Leuven (KUL) and the University
of Lisboa (LIS)). A subset of responsive organoids in the
academic laboratories will be further screened at HUB
and ranked according to level of response to one of the
lead drug combinations from each pharmaceutical part-
ner. The subjects with the highest organoid responses
will then be asked to participate in subsequent clinical
trials. For more details see ‘organoid culturing and drug
screening’ below.

Patient population

The target population is male and female adult (older
than 16 or 18 years depending on country-specific eth-
ical regulations) subjects diagnosed with Cystic Fibrosis
with a sweat chloride concentration > 60 mmol/L, with-
out a mutation for whom CFTR-modulating drugs are
currently available (homozygous or heterozygous
F508del mutations or gating mutations), and without
combinations of frequently occurring class I mutations
(1717-1G> A, 621+1G>T, 3120+ 1G> A, 1898 + 1G-
> A, CFTRdele2,3 and 2183AA- > G). Patients that have
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a comorbidity that (to the opinion of the investigator)
might pose a risk while participating in a clinical trial
will be excluded from study participation. Moreover, pa-
tients that have had a lung transplantation are also
ineligible.

Sample size

The study goal is to identify responders that are eligible
for subsequent HIT-CF clinical trials. Our preliminary
power calculations for the clinical trial with lung func-
tion (FEV1) as the primary endpoint, indicate a power of
>80% if 16 subjects are included. Therefore the study
aims at recruiting 20 patients to mitigate drop-out dur-
ing the study. This sample size is comparable to a previ-
ously published trial in a similar patient population and
intervention [30]. As we expect that some patients will
not be eligible for a clinical trial, we aim to identify 27
patients per trial eligible for recruitment. This will allow
us to contact a new subject if a subject is not eligible to
participate. The inclusion rate for the clinical trial
needed to include 20 out of 27 patients is thus 74%. To
include 16 evaluable subjects the minimum needed in-
clusion rate is 55%. In experiments performed so far on
ultra-rare organoids, we have observed that ~16% of
them react to the CFTR-modulating drugs ivacaftor or
lumacaftor/ivacaftor, resulting in about 80 in vitro re-
sponders in the observed population of 500 subjects,
which covers about 27 subjects for each of the three
intended clinical trials.

Study procedures

The study procedure performed is collection of rectal bi-
opsies by either forceps during sigmoidoscopy or using a
rectal suction device. These are not part of regular med-
ical treatment. Each site has the possibility to choose the
procedure they are most experienced in. The success
rate of generating organoids out of two forceps biopsies
is > 92%. Success rates for rectal suction device is > 95%
if four biopsies are obtained, and ~ 80% if two biopsies
are obtained (unpublished data from UMCU/HUB).
Therefore, either two forceps or four rectal suction biop-
sies will be obtained per subject. If no organoids can be
generated, the patient will be re-contacted and asked
whether they are willing to undergo another biopsy. The
biopsies will have no influence on regular medical care.
If intestinal organoids have already been generated for a
subject in a previous study or for routine medical care
and can be made available for testing, subjects do not
need to undergo the study procedure again.

Rectal suction biopsy

Biopsies can be collected using a rectal suction device.
This device is used to facilitate diagnosis of the disease
Morbus Hirschsprung, and to obtain material for
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Intestinal Current Measurement for the diagnosis of
Cystic Fibrosis. Therefore, many CF-centres have experi-
ence with rectal suction biopsies. A working instruction
is provided to the sites with detailed instructions how to
perform the procedure.

To obtain the best possible biopsies, patients will be
treated with an enema (sodiumphosphate), to clean the
most distal part of the colon. If this is contraindicated,
biopsies will be collected without a preceding enema.
During the procedure, patients will lie on their side, with
knees pulled upwards towards the chest. Next, the rectal
suction device is introduced rectally, and inserted ~6
cm. The rectal suction device is connected by a rubber
tube to a vacuum meter, and the vacuum meter is at-
tached by a rubber tube to a 50 cc plastic syringe. The
assisting nurse sucks air into the suction device by pull-
ing on the plunger of the syringe. This creates a vacuum,
and intestinal tissue is sucked into the suction device
through an opening with a diameter of 2.0 mm. This tis-
sue is subsequently cut by the rectal suction device, and
the tissue is collected. The diameter of the collected tis-
sue is around 2 mm, and less than 1 mm thick. The bi-
opsies are taken on the dorsolateral sides of the rectum,
because no pain receptors are present there and no
major blood vessels are present. It is important that the
device opening has passed the anal sphincter to avoid
pain. Collecting organoids using a rectal suction device
has a very low risk of complications. Friedmacher et al.
have recently published a systematic review, in which
they found that the risk of any complication is 0.63%.
Persistent rectal bleeding was the most common compli-
cation with an incidence of 0.5% [31]. The article states
that in very young children (<1 year of age), the risk is
relatively higher. We will perform this procedure in
adult subjects, and subjects are instructed to call the
hospital if bleeding is persistent or if they have any other
complaints. To detect any prolonged bleeding and inter-
vene as early as possible, patients will stay in the hospital
for 1 hour after the procedure.

Forceps biopsy

Biopsies can be collected by forceps during rectoscopy.
This device is used by trained gastro-enterologists to ob-
tain material for a wide spectrum of diseases. The pro-
cedure is done endoscopically with a flexible endoscope.
The endoscope is introduced rectally. The biopsies are
obtained on sight, thereby avoiding any arteries or veins.
In a recently published article, the safety of this proced-
ure was evaluated by studying 353 forceps biopsies. No
major complications were reported. Only one patient
complained of abdominal pain following the procedure,
but fully recovered after 4h observation [32]. Patients
are observed after the procedure to quickly notice any
possible complications.
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Generating organoids from rectal biopsies

At the HUB organoids will be generated from the rectal bi-
opsies using the protocol as previously published [22, 33, 34].
If organoids are received from study sites, these will be fur-
ther cultured to ensure viability of material. From HUB,
organoids will be transferred to the Cystic Fibrosis Research
Laboratory of University Medical Center Utrecht, the Organ
Systems Laboratory of KU Leuven and the Cystic Fibrosis
Research Laboratory of the University of Lisbon. Samples
will be transported by a specialist courier service.

Organoid culturing and drug screening

UMCU protocols for CFTR function measurements have
been established under ISO-9001 conditions and HUB has
ISO-270001 compliant protocols. The most updated pro-
tocols of UMC and HUB have been combined and shared
with the laboratories in Leuven and Lisbon for preparation
of organoid culture media, organoid growing, and CFTR
function measurement by forskolin-induced swelling (FIS)
[33]. From these, one standard lab manual has been gener-
ated for all the labs to make sure the procedures are stan-
dardised. Additionally, identical lot numbers and
preferably batches of reagents will be obtained by all labs
to ensure the most optimal standardisation.

Drugs to be tested
The screening of the organoids will be divided up based
on which drugs are being tested.

Flatley Discovery Labs (FDL) is developing CFTR cor-
rectors and potentiators, and combinations of these
drugs will be tested in the screen. Proteostasis Thera-
peutics (PTI) is developing CFTR correctors, potentia-
tors and an amplifier, which will all be tested in the drug
screen.

Drugs from FDL and PTI will be tested within the
same screen because of their comparable modes-of-
action. Eloxx Pharmaceuticals is developing a CFTR
read-through drug that will be screened separately, since
the distinct mode-of-action necessitates different assay
conditions. Moreover, the drugs developed by FDL and
PTI are not expected to work on premature termination
codons. Therefore, only organoids with maximum one
PTC will be screened for responsiveness to FDL and PT1
drugs, and organoids with at least one PTC will be
screened for efficacy of ELOXX drugs.

In both screens, organoids propagated in 24-wells
plates will be transferred to 96-well plates for drug test-
ing. Each experimental 96-wells plate will first go
through several quality control checks to ensure that no
pipetting errors have been made and the organoid cul-
tures are of good quality by using reference organoid
lines. These reference organoid lines are well character-
ized and the response of these reference organoids to
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the drugs from FDL, PTI and Eloxx should be within the
range of what we have detected previously.

CFTR function and response to the different drugs is
measured by time-lapse confocal microscopy as the rela-
tive increase in surface area (as area under the curve,
AUC) of calcein-green labelled organoids at 10 min in-
tervals for 60 min after stimulation with forskolin.
Technological duplicates are measured for each condi-
tion, and individual drug responses are corrected for re-
sidual CFTR function upon forskolin stimulation.

For FDL and PTI compounds, F508del homozygous
organoids will be included in each experiment for com-
parison. For ELOXX compounds, G542X homozygous
organoids will be included in each experiment for
comparison.

The best responding 27 organoids per lead product
will be eligible for the clinical trials.

SNP fingerprinting analysis and CFTR mutation sequencing
As part of HUB’s quality control procedures, to confirm
that no swap of material occurred during the whole
screening process, genetic material from the biopsy tis-
sue and the generated organoids will be isolated and
submitted to SNP fingerprinting analysis. The obtained
genetic material will be also used to confirm the CFTR
mutation by PCR-DNA sequencing of the patient de-
rived organoids for the subsequent clinical trial.

Organoid biobanking for future use

The organoids generated will be stored by HUB for the
duration of the study. During the HIT-CF project, a new
biobank is being created to store the organoids for fu-
ture use and make them available to researchers world-
wide. Ethical experts will interview stakeholders and CF
patients in order to explore the optimal governance of
the biobank, and to generate an informed consent form
that covers all aspects of this biobank.

Once this new biobank has been set up, patients will
be asked to sign informed consent for permission to use
their organoids in this biobank. This will only occur if
the local study site has ethical approval for the separate
biobank. If patients refuse, the organoids will be
destroyed after the HIT-CF Organoid Study. If patients
sign the informed consent, their organoids will enter the
organoid biobank.

Discussion

The HIT-CF Organoid Study applies intestinal organoids
for personalized medicine in cystic fibrosis. Rare genetic
variants of cystic fibrosis are currently excluded in
CFTR-modulator trials, while it is expected that some of
these variants are very responsive to treatment. By gen-
erating patient-specific organoids for these rare geno-
types, a functional assessment of drug response per
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individual can be generated and treatment can be tai-
lored to the individual. With the accompanying subse-
quent clinical trials, an innovative opportunity is created
for CF-patients with rare mutations to get access to new
CFTR-modulator drugs.

Personalized medicine approaches using organoids are
ongoing in several diseases, but are still limited in scale.
Several oncological trials are being conducted, such as in
lung (clinicaltrials.gov identifier NCT03979170), breast
(NCT03544047) and pancreatic cancer (NCT03544255).
However, these studies are single-centre and aim to
retrospectively compare in vivo and in vitro treatment
responses. In the field of cystic fibrosis, pilot studies
found that organoids can identify individuals that clinic-
ally benefit from the CFTR-modulating drugs ivacaftor
and lumacaftor/ivacaftor with high accuracy, but these
studies had a limited sample size [26, 27]. By including
up to 500 subjects in sites across Europe and performing
confirmatory clinical trials, our project will be the first
to prospectively assess the feasibility of using organoids
for personalized medicine on such a large scale.

One of the strengths of this study is the collaboration
with the European Cystic Fibrosis Society — Clinical Tri-
als Network (ECFS-CTN). This network consists of 58
sites in 17 countries that share standardized working
procedures and training, and have been involved in the
study design. The study will be run only in ECFS-CTN
sites, which will enable a quick start-up and ensures
smooth communication between the sites and sponsor.

A risk of this project is that the drugs screened have
yet to be clinically approved. It is therefore unclear
whether all of these drugs will eventually reach the mar-
ket and become publicly available. By involving three dif-
ferent pharmaceutical companies with several drugs in
the pipeline and including ivacaftor and tezacaftor/iva-
caftor in the drug screening, this risk is minimized. An-
other uncertainty is the number of responsive subjects
that we expect to find. The current prediction of ~ 16%
responsive subjects is based on a small dataset, and these
numbers could differ depending on geographical distri-
bution and efficacy of the experimental compounds.
However, since drugs with innovative modes-of-action
are investigated, the responsive population could be lar-
ger than previously anticipated. Moreover, efficacy of the
experimental compounds is expected to be better than
currently available drugs, which could result in a higher
power in our clinical studies and therefore a reduced
number of responsive subjects could be sufficient.

An important outcome of this study will be the large
dataset created by combining all the individual results.
This dataset will generate extensive knowledge on how
different genotypes respond to drugs, and will become
publicly available, which can be of great use to the scien-
tific community. Furthermore, if the subjects consent,
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organoids that have been generated will be made avail-
able for future research. This biobank can be accessed
by other scientists, and newly developed drugs can be
tested on those organoids. Around 14 companies are
currently developing drugs that aim to restore CFTR
function (https://www.cff.org/Trials/pipeline) [35]. The
impact of this study is therefore amplified, since many of
these new drugs or experimental compounds could be
screened.

The HIT-CF Organoid Study creates the opportunity
of CFTR-modulating treatment in a CF patient popula-
tion that has previously been largely ignored. Several
drugs will be tested in vitro to stratify patients according
to the best possible drug, thereby tailoring treatment to
the individual patient. Moreover, extensive knowledge
will be generated about the effects of drugs on a
spectrum of genotypes, and the subsequently available
biobank will be very useful for future drug development
and research into Cystic Fibrosis.
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