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Summary

Cystic fibrosis (CF) is a genetic disease caused by a
bi-allelic mutation of the cystic fibrosis transmembrane
conductance regulator (CFTR) gene. When the diagnosis
cannot be confirmed by a positive sweat test or/and the
identification of two CF-causing variants, international
guidelines recommend the use of CFTR functional assays.
These tests assess whether CFTR activity is normal or di-
minished/absent through measurement of CFTR-mediat-
ed chloride secretion/absorption.

CFTR functional assays are not only useful for diagnostic
purposes but can also serve as a surrogate outcome for
clinical trials of CFTR modulators, which are emerging
therapeutic agents designed to correct the malfunctioning
protein. In the near future they could also be used as pre-
cision-medicine techniques, to help guidance and optimi-
sation of treatment.

Until now, sweat testing has been the only CFTR function-
al assay available in Switzerland. Since 2020, the Cen-
tre Hospitalier Universitaire Vaudois (CHUV) at Lausanne
and the Lucerne Children’s Hospital perform nasal poten-
tial difference measurement. Moreover, The Ecole Poly-
technique Fédérale de Lausanne (EPFL) established a
reliable procedure to generate adult intestinal organoids,
i.e., stem cell-derived in-vitro grown mini tissues, extracted
from rectal biopsies, which can be used to assess CFTR
function in vitro.

This narrative review describes the most popular CFTR
functional assays, as well as their indications, limitations
and availability in Switzerland.

Introduction

A variant in both alleles of the cystic fibrosis transmem-
brane conductance regulator (CFTR) gene, located on
chromosome seven (7q31.2), is responsible for the genetic
disease called cystic fibrosis (CF), which is the most com-
mon genetic disorder in Caucasians and has an autosomal

recessive inheritance. The CFTR gene encodes for a pro-
tein located on the apical membrane of cells that acts as an
anion channel. The CFTR protein can be found in sever-
al epithelial tissues, including airways, gastrointestinal and
reproductive tracts, as well as sweat and salivary glands.
The CFTR channel is responsible for the transport of chlo-
ride and bicarbonate, and has an indirect influence on sodi-
um transport via the down-regulation of the apical epithe-
lial sodium channel (ENaC) [1, 2].

In the majority of cases, the diagnosis of CF is unequivo-
cal. It requires a positive newborn screening, a family his-
tory of CF in a sibling or a clinical feature suggestive of CF
(e.g., chronic, recurrent sinopulmonary disease, exocrine
pancreatic insufficiency, salt loss syndrome, obstructive
azoospermia in males). The diagnosis of CF is confirmed
in the presence of a sweat test in the diagnostic range (chlo-
ride ≥60 mmol/l) and/or a bi-allelic CF-causing variant in
the CFTR gene [3, 4].

CF diagnosis is, however, not always straightforward. So
far, a large number of CFTR variants (>2000) have been
described, but less than 10% of these variants are disease-
causing and the clinical relevance of many of them is
not fully understood (www.cftr2.org). Moreover, there is
a large variability in clinical CF phenotype not solely ex-
plained by the CFTR genotype [5]. A small but significant
proportion of patients have a normal sweat test (chloride
≤29 mmol/l) or a sweat test in the intermediate range
(30–59 mmol/l) and only one or no evident pathogenic
CFTR variant. In these cases, the diagnosis of CF can nei-
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ther be confirmed nor excluded, with potentially dramatic
clinical, psychological and economic implications for pa-
tients. For such patients, international guidelines recom-
mend the use of CFTR functional assays to help establish
a correct definitive diagnosis [3, 4, 6].

Herein, we provide a summary of the most popular CFTR
functional assays, as well as their indications, limitations
and availability in Switzerland. Previous reviews in the
field have addressed the reliability, validity and respon-
siveness of CFTR biomarkers as clinical endpoints in trials
of CFTR modulators [7] and their importance for CF drug
development [8]. Forskolin-induced organoid swelling as-
says have been described in detail elsewhere [9].

CFTR functional assays

CFTR activity can be measured with a variety of tech-
niques called “CFTR functional assays”. These assays can
determinate if CFTR-mediated chloride secretion/absorp-

tion is normal or diminished/absent. Several of them are
validated tests, recognised in diagnostic guidelines, such
as sweat testing, nasal potential difference measurement
(NPD) and intestinal current measurement (ICM). Other
assays are under development such as organoids and β-
adrenergic sweat-rate assays. Limitations, advantages and
clinical applicability of each technique are summarised in
table 1.

CFTR functional assays can be used to resolve cases of un-
clear CF diagnosis [2, 4, 6]. A typical example would be
the case of a patient with clinical features compatible with
CF (recurrent sinopulmonary disease) showing intermedi-
ate sweat chloride values (30–59 mmol/l) and two CFTR
variants of unclear clinical significance (www.cftr2.org).
Other examples would be when a diagnosis of CF cannot
be confirmed in an infant with positive CF newborn
screening, a situation called “cystic fibrosis screen posi-
tive, inconclusive diagnosis” (CFSPID), or when a diagno-
sis of CF cannot be confirmed in a patient (most commonly

Table 1: Description of the advantages and limitation of each technique, their clinical applicability, their availability in Switzerland, their cost and the age of the patient from which
on the test can be done.

Modality Advantages Limitations Clinical applicability Availability in
Switzerland

Price (CHF) Age

Sweat test Gold standard for CF diag-
nosis
Noninvasive
Good reproducibility
Easy to perform (painless)
Economical

Delayed results (hours)
Minimum weight of the pa-
tient 2 kg (neonates)
False positive/negative tests
in patients with malnutrition,
hydration imbalance, meta-
bolic and endocrine dis-
ease, skin problems and
some medications

Gold standard for CF
diagnosis
Biomarker of CFTR
function to test the effi-
cacy of novel CFTR
modulators (only bio-
marker required to
continue a modulator)

8 CF centres* 130 From 3 days and
36 weeks corrected
gestational age

NPD Measurement in vivo of
CFTR and ENaC activities
Little invasive
Immediate results
International standardisation
Validated as endpoint in
clinical trials and for CF di-
agnosis by international
guidelines

Sophisticated set-up, need
of a pharmacy producing
perfusion solutions
Susceptible to alterations of
nasal mucosa (nasal polyps,
prior sinus surgery, infec-
tion, inflammation)
High within-subject variabili-
ty
Patient cooperation needed
(patient has to stay still for
30 min)

Helps to clarify diagno-
sis in patients with
questionable presenta-
tion
In vivo biomarker of
CFTR function to test
the efficacy of novel
CFTR modulators
(phase II proof of con-
cept studies)

CHUV (Lausanne) /
Lucerne Children’s
Hospital

600–800 From 6 years

ICM Little invasive
More reproducible and sen-
sitive than NPD (not influ-
enced by mucosa inflamma-
tion)
Patient’s cooperation not
needed
Detect CFTR selective mu-
tations affecting HCO3

transport
Validated as endpoint in
clinical trials and for diagno-
sis by international guide-
lines

Ex vivo measurement
Delayed results (days)
Very little availability
Not standardised, various
protocols
Intact rectal mucosa needed
Contraindicated in bleeding
disorders

Helps to clarify diagno-
sis in patients with
questionable presenta-
tion
Ex vivo biomarker of
CFTR function to test
the efficacy of novel
CFTR modulators
(phase II proof of con-
cept studies)

No ? Every age

β-adrenergic tests Measurement in vivo of
CFTR activity
Little invasive
Immediate results

Very little availability
Mostly experimental, not
standardised, various proto-
cols
Patient cooperation needed

Research purpose No ? From 8 years (new
technique that do
not require pa-
tient’s cooperation)

Organoids Little invasive
Fast follow-up tests possible
on biobanked material, e.g.,
when new treatments be-
come available
Automatable
Highly reproducible, re-
duced human error-driven
variability

In vitro measurement
Delayed results (weeks)
Mostly experimental, not
standardised
Requires highly specialised
laboratories
High cost

Research purpose
In vitro biomarker of
CFTR function to test
the efficacy of novel
CFTR modulators
(phase I proof of con-
cept studies,
www.hitcf.org)

EPFL 2000–5000 (can
decrease at higher
scale)

Every age

CF = cystic fibrosis; CFTR = cystic fibrosis transmembrane conductance regulator; ENaC = epithelial sodium channel; ICM = intestinal current measurements; NPD = nasal po-
tential difference measurements * Basel, Bellinzona, Bern, Geneva, Lausanne, Lucerne, St Gallen, Zurich
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adult) with CFTR-related single organ disease, a situation
called “CFTR-related disorder” (CFTR-RD) [10–12].

Another potential application of CFTR functional assays is
to optimise CFTR modulator treatments, which are emerg-
ing therapeutics designed to correct the malfunctioning
protein. Indeed, given the variability of spectrum, severity
and progression of CF disease not always predictable
based on CFTR genotype and the high price of CFTR mod-
ulators, drug response should ideally be assessed before
their administration to a patient [13]. CFTR functional as-
says have the potential to provide useful information on the
therapeutic efficacy of a given drug on the CFTR function
of an individual person. They could thus serve as surro-
gate outcomes for clinical trials of CFTR protein modula-
tors and be used in precision medicine to select the optimal
treatment needed by a given individual [13–15].

The sweat test
The sweat test measures chloride concentration in sweat
collected after stimulation of the sweat gland. An elevated
chloride concentration reflects defective chloride reabsorp-
tion in the sweat ducts of patients with an alteration in
CFTR protein function. The analysis is performed on
sweat collected after 30 minutes of stimulation of the sweat
gland with pilocarpine applied by iontophoresis (fig. 1)
[16].

The normal values of sweat chloride concentrations are
≤29 mmol/l, intermediate values are between 30 and 59
mmol/l and abnormal values are ≥60 mmol/l, at any age.

To date, the sweat test done with the Macroduct® collec-
tion system remains the gold standard for CF diagnosis.
It is also the cheapest test. Sweat testing should be per-
formed by experienced personnel, following national or in-
ternational guidelines [3, 4, 17]. The principal limitations
of the test are the age and weight of the patient. Sweat tests
should not be performed in infants before the age of 3 days,
<36 weeks corrected gestational age or a weight <2 kg
[17]. Further, malnutrition, hydration imbalance, metabol-
ic and endocrine diseases, skin problems and some med-
ications can lead to false-positive or false-negative sweat
tests.

Nasal potential difference measurement (NPD)
The measurement of NPD can be used to assess ionic
transport across the airway epithelium. Indeed, 2–3 cm dis-
tal to the nostril the nasal epithelium becomes a ciliated
pseudostratified columnar epithelium, similar to the one
found in the distal airways. The airway epithelium is
formed of contiguous cells separated by tight junctions and
organised as a polarised structure, with a mucosal apical
side (to lumen) and a serous basolateral side (to blood). In
this kind of tissue, the CFTR protein is highly expressed
on the apical membranes of cells [18, 19]. The epithelium
is the site of ion exchange between the two compartments.
This results in a polarisation of the membrane (negative on
the intracellular side and positive on the extracellular side),
creating a transmembrane electric potential [20, 21].

In NPD testing, the membrane electric potential is mea-
sured using a high impedance voltmeter between two elec-
trodes: one placed in the mucosa of the airway epithelium
in the nostril (exploring electrode, outside the cells) and the
other placed in the subcutaneous compartment in the fore-
arm (the reference electrode, inside the cells) (fig. 2). The
technique has been standardised and standard operating
procedure (SOP) protocols are available and are used by
the European Cystic Fibrosis Society-Clinical Trials Net-
work [22].

First, basal potential is measured. As sodium absorption
is the primary ion transport activity in normal epithelium,
basal potential is usually negative, with values between
−15 and −25 mV in healthy controls. In CF patients, basal
potential is much more negative (−35 to −50 mV) due
to the absence of inhibition of the activity of the ENaC
by CFTR, leading to excessive sodium absorption. Com-
pounds that activate or inhibit the different ion channel
transporters are then sequentially perfused in the airway
mucosa while the induced depolarisation is measured.
Amiloride, which inhibits the ENaC, is perfused first. As a
result, sodium is not absorbed by the cells, leading to a de-
polarisation of the membrane near to 0 mV. In CF patients,
the depolarisation is greater due to a more negative basal
potential. A zero-chloride solution that creates a chemical
gradient for chloride secretion via chloride channels, in-
cluding the CFTR, is then perfused. In order to equilibrate
the membrane electric potential, chloride is secreted out of
the cell through the CFTR channel, causing a large repo-

Figure 1: Sweat testing. A. Sweating is induced by pilocarpine iontophoresis using pilocarpine loaded disc gels. B. Sweat is collected using
the Macroduct® Sweat Collection System. A blue dye allows easy visualisation of the progression of sweat collection in the collector tube.
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larisation of the potential. By adding isoprenaline, CFTR is
directly stimulated by the cAMP pathway, which increase
the repolarisation. In CF patients, there is a lack of re-
sponse to the perfusion of the zero-chloride solution or to
the stimulation of the CFTR channel by isoprenaline and
thus no repolarisation is observed. Finally, a solution con-
taining ATP is perfused, which increases the repolarisation
in both CF and non-CF epithelia through CFTR-indepen-
dent ion channels. This last is a control step that confirms
that the epithelium is responsive to stimuli.

Besides the basal potential difference, key outcome pa-
rameters in NPD measurement include the response to
amiloride perfusion (Δamiloride PD), the response to zero-
chloride and isoprenaline perfusion (Δ-Cl-free + isopre-
naline PD) and composite scores such as the Sermet and
the Wilschanski score, which have been shown to ade-
quately differentiate CF from non-CF patients [23–26].

The advantages of NPD testing are that it measures ionic
transport of the airway epithelium in vivo, and that CFTR
and ENaC activity can be differentially assessed. Its draw-
backs lie in the need of a sophisticated infrastructure and
a pharmacy able to produce the perfusion solutions. The
need of an intact nasal mucosa to obtain adequate measure-
ments and the difficulties in performing measurements in
subjects with pulmonary exacerbations also limit its wide-
spread use [7, 27].The large intrasubject variability, which
has been estimated to be at +7.2 mV of measurement error
for the Δ-Cl-free + isoprenaline PD, is an additional limita-

tion of the technique, which can be overcome by averaging
measurements in both nostrils [28]. Because the patient’s
cooperation is needed, NPD measurement is usually fea-
sible from the age of 6 years, although some groups have
successfully performed NPD in toddlers.

Intestinal current measurement (ICM)
Intestinal current measurement uses rectal biopsies to
study ex vivo CFTR activity in a tissue with high CFTR
expression that remains unaltered by disease progression.
There are numerous protocols and different equipment
used in different centres [29]. In 2011, the European Cystic
Fibrosis Society-Clinical Trials Network developed a SOP
to harmonise the technique as an outcome parameter for
clinical trials [23, 30]. The protocol used in the SOP is de-
scribed hereafter and is available upon request at the ECFS
(ECFS-CTN@uzleuven.be).

The first step in ICM is to obtain a rectal biopsy. This
procedure is little invasive and can be quickly done at
all ages, without requiring anaesthesia or preparation. The
fresh biopsy has to be immediately mounted and intro-
duced into an Ussing chamber, in which the measurement
is made.

In contrast to NPD testing, which measures a potential
difference, ICM directly measures electrical currents
(transepithelial short-circuit current: Isc) generated in re-
sponse to a variety of chloride secretory agents. Isc repre-
sents a direct measure of the net movement of ions across

Figure 2: Nasal potential difference (NPD) measurement. A. Schematic illustration of the setup. B. Measurement instruments: A/D converter
PowerLab 4/26, Bioamplifier BMA-200, ISO-Z Headstage. C. Custom made nasal catheter, produced by Marquat®. D. View showing the place-
ment and attachment of the catheter. E. NPD tracing in a cystic fibrosis (CF) patient. F. NPD tracing in a healthy control subject. NPD baseline
is more negative in CF than in controls; the change in NPD towards positive values is more pronounced in CF than in controls after blocking
sodium channels with amiloride; the NPD in CF changes barely or not at all in CF after stimulation of cystic fibrosis transmembrane conduc-
tance regulator (CFTR) chloride channels with zero-chloride solution and isoprenaline, but changes markedly toward negative values in con-
trols; NPD changes to more negative values in both CF and controls after stimulation of alternative chloride channels with ATP.
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the epithelium. The first compound to be added is in-
domethacin, which reduces cAMP formation and thus
CFTR-dependent chloride secretion to baseline. Then
amiloride is added, as in NPD, which will reduce the in-
testinal Isc, inhibiting ENaC. The tissue is subsequently
treated with forskolin and isobutyl-1-methylxanthine,
which raise intracellular cAMP to activate CFTR channels.
Genistein is then added, directly stimulating CFTR chan-
nels, which increases Isc. Carbachol is added next, stimu-
lating basolateral potassium channels and driving chloride
exit across CFTR chloride channels, thus hyperpolaris-
ing the cell even more. After, 4,49-diisothiocyanostil-
bene-2,29-disulphonic acid is added, which inhibits
non‐CFTR chloride channels, allowing a more selective
measurement of CFTR response. Finally, histamine, whose
effect is similar to those of carbachol, is added [30].

The sum of the Isc response after stimulation with
forskolin, carbachol and histamine is established as the
ICM parameter that allows best differentiation between
“CF unlikely” and “possible CF”, with a cut-off value of
34 mA/cm2 [31].

Compared with NPD measurement, ICM has the advan-
tage of not being influenced by alterations of the nasal/res-
piratory mucosa that result from chronic inflammation and
infection. Furthermore, it is especially interesting as it al-
lows recognition of CFTR variants with residual chloride
secretion [30, 32]. ICM measurement requires sophisticat-
ed equipment and can only be performed in research facil-
ities in close proximity to a hospital setting. The procedure
is time-consuming and expensive.

Beta-adrenergic sweat-rate assays
Human eccrine sweat glands produce sweat via two in-
dependent neural pathways: the β-adrenergic pathway and
the cholinergic pathway [33]. The β-adrenergic secretion
pathway is dependent on CFTR activity and is altered in
CF patients whereas the cholinergic pathway is indepen-
dent of CFTR activity [34]. Sweat glands highly express
CFTR and are easily accessible to be tested and little af-
fected by CF disease progression [33, 35].

Different methods have been developed to measure in vivo
the secretory function of the sweat gland coil [35]. One
method is the evaporimeter, which consists of two probes
placed on the skin surface to measure the quantity of tran-
spiration (or vapour, calculated from the humidity and tem-
perature). Another method is bubble imaging, where an
oil-filled reservoir placed on the skin surface captures by
digital imaging the development of spherical sweat bub-
bles as they materialise. A third method and the last to be
described, uses a pixilated image-sensor positioned on the
forearm that detects changes in the images taken with the
different sweat rates [36].

By comparing the β-adrenergic and cholinergic sweat rate,
after stimulation of the sweat gland with a variety of com-
pounds, CF, CF carriers and healthy subjects can be dis-
criminated. The stimulation of the β-adrenergic and cholin-
ergic pathways is done sequentially by intradermal
injections and/or iontophoresis [36, 37].

Beta-adrenergic sweat-rate assays have not been standard-
ised yet and show great variability between scientific
groups in gland stimulation and measurement techniques.
Nevertheless, the concept and feasibility of these test are

promising, so that effort is being made to improve them for
wider use in diagnosis and clinical trials.

Forskolin-induced organoid swelling assays
Under specific culture conditions, stem cells obtained from
an intestinal tissue biopsy can multiply, differentiate and
spontaneously assemble into hollow three-dimensional
structures called “intestinal organoids”. Stem cell-derived
organoids are self-renewing and self-organising in vitro
cell culture systems that closely resemble native tissues in
terms of cellular composition, architecture and key aspects
of physiology [38]. Such intestinal organoids are geneti-
cally and phenotypically stable, can be expanded in vitro
over long periods of time, bio-banked, thawed, re-expand-
ed and re-tested if needed. Recently, organoids of the gas-
trointestinal tract have been established and used to assess
drug-induced restoration of CFTR function in vitro [39,
40]. CFTR expression in rectal tissue is higher than in air-
way epithelium, making the study of intestinal organoids
particularly interesting.

The first step to generate organoids is to sample rectal
biopsies and extract the rectal stem-cell containing crypts
from the collected tissue. The isolated crypts are then em-
bedded in a three-dimensional in vitro culture system and
the stem cells expanded until sufficient amount of material
is generated for banking and testing (typically 1 month).
Once ready, the organoids are grown into microtitre plates
and the trans-epithelial fluid transport is evaluated by ex-
posure to a forskolin stimulus for 1 hour. Forskolin increas-
es intracellular cAMP and activates CFTR channels. As
a consequence, chloride and water secretion into the lu-
men of the organoid occurs and induces swelling of the
organoid. Traditionally, forskolin-induced swelling is
quantified using microscopy and expressed as the maxi-
mum surface area increase compared with the non-swollen
baseline, or as area under the curve, taking into account
stimulation with increasing forskolin concentrations. Im-
age-based methods using fluorescent labels are also used
to trace the liquid intake within the organoid lumen. The
EPFL has recently developed a label-free high-precision
tracing technique to measure these fluxes, thus indirectly
measuring CFTR activity (fig. 3).

While retaining high expression of CFTR, rectal organoids
provide an appropriate measure of the fluid transport
through the rectal epithelium in contrast to NPD or ICM,
which measure the airways membrane electrical potential
and a net movement of ions across the rectal epithelium,
respectively.

Organoids provide unique advantages in terms of scala-
bility and automation, thus significantly decreasing human
error-driven variability of CFTR functional assays. In ad-
dition, only a small amount of biopsied tissue is needed
to generate material for the lifetime of a patient and the
test appears to reliably measure CFTR function at the ep-
ithelial membrane level (fig. 3B). When used in precision
medicine to assess the effect of CFTR modulators in vitro,
organoids have the potential to identify the optimal drug or
drug combination for each patient with sufficient through-
put and reliability. However, the generation of organoids
requires access to specialised infrastructure (cell culture
laboratories), which limits its widespread establishment.
Moreover, the components needed to grow rectal stem
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cells into organoids are costly at low scale and obtaining
results can take weeks. It is an in vitro, not yet standardised
measurement that is still mostly experimental but has been
considerably improved in the last years.

A recent study including 21 patients failed to show any
correlation between swelling in organoids, ICM, NPD and
clinical parameters (including lung function) before and
after treatment with the CFTR modulator lumacaftor/iva-
caftor, questioning the suitability of these biomarkers of
CFTR function to predict clinical efficacy of CFTR modu-
lators [41]. However, these findings should be generalised
with caution owing to the small sample size of the study,
its short duration (16 weeks) and the absence of improve-
ment in any of the other parameters known to improve up-
on CFTR modulator treatment. It is unknown whether sim-
ilar observations would have been made in a larger study

using a highly effective CFTR modulator such as elexa-
caftor/tezacaftor/ivacaftor.

Other techniques
In the last few years, numerous techniques such as the
use of human nasal epithelial cells spheroids [42], human
bronchial epithelial cell lines such as the CFBE410 cell
line [43] and primary human nasal epithelial cells cultures
[44] have been developed in order to better understand
CFTR activity [45] and the mechanism of action of CFTR
modulators [46]. All of these techniques use easily acces-
sible nasal epithelial or tracheo-bronchial cells to create an
in vitro model of the CF airway epithelium, with the fi-
nal aim to create a differentiated epithelium with morpho-
logical and clinical features similar to the human airway
epithelium. Most of these techniques are exclusively used
for research purpose in specialised laboratories and have

Figure 3: Rectal organoids of cystic fibrosis (CF) and non-CF control patients. A. Schematic description of the rectal organoid functional as-
say. B. Representative example of trans-epithelial fluid transport through healthy organoids and F508del homozygote organoids from a CF pa-
tient with or without exposure to the drug combination lumacaftor/ivacaftor. CFTR = cystic fibrosis transmembrane conductance regulator.
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currently little clinical applicability. However, they could
be important tools for precision medicine, especially in pa-
tients with rare CF-causing variants in the future.

Situation and availability in Switzerland

The diagnostic pathway of CF in Switzerland has changed
greatly since the implementation of CF newborn screening
in 2011, and the majority of CF cases are now diagnosed
shortly after birth. A positive newborn screening test is de-
fined by an elevation of immunoreactive trypsinogen lev-
els in a heel prick test (Guthrie card) combined with the
identification of a CFTR variant. If no variant is found, the
confirmation of an elevated immunoreactive trypsinogen
in a second heel prick test defines a positive test. Infants
with positive CF newborn screening are referred to a CF
centre for sweat testing. In the event of a positive sweat
test, CF diagnosis is confirmed.

In 2019, Swiss investigators reported that the addition of
the Nanoduct®, a newer sweat conductivity analysis sys-
tem specially developed for newborns because it requires
only 3–5 μl of sweat and measures conductivity in situ,
might speed up the diagnostic process and therefore help
to reduce the stressful time of uncertainty for parents and
help to start appropriate treatment earlier [47].

Since 2020, the paediatric pulmonology and cystic fibrosis
unit of the CHUV at Lausanne and the paediatric cystic fi-
brosis centre of Lucerne Children’s Hospital perform NPD
measurement on paediatric and adult patients, with the aim
of providing additional testing of CFTR function to pa-
tients with an unclear diagnosis despite sweat testing and
extended genetic analysis. In the near future, NPD mea-
surement could also be used as a surrogate endpoint in
clinical trials, allowing easy and early assessment of drug
efficacy without having to wait for months or even years
for hard clinical endpoints such as body mass index or
spirometry changes. In addition, the technique could be
used to evaluate the functional restoration of CFTR by new
modulators, which increase CFTR protein production, sta-
bility and activity [15, 48–51].

Furthermore, the EPFL has established a robust SOP to
generate, expand and biobank rectal organoids. The use of
these organoids to evaluate the benefits of specific CFTR
modulators on CFTR function in a patient-specific fashion
prior to prescription is of great interest [14]. The use of
rectal organoids for CF diagnosis in Switzerland using
the novel approach developed by EPFL is currently being
evaluated.

Hopefully, in the near future, the techniques described
above will enable precision medicine for CF patients to be
practiced in Switzerland. We might be able to test the ef-
ficacy of new CFTR modulators in vitro using organoids
derived from patients, with direct measurement of the im-
provement of CFTR activity. This would allow selective
treatment of responders, thus avoiding unnecessary indi-
vidual trials, side effects and wastage of resources. Short-
term assessment of CFTR activity in vivo by sweat testing
and NPD measurement would further confirm or refute the
clinical efficacy of the selected CFTR modulator for the
patient under treatment.

Conclusion

In the last few decades CFTR functional assays have been
developed to clarify diagnosis in patients in whom CF can-
not be confirmed or refuted using classic diagnostic tools
such as sweat testing and genetic analysis. Additionally,
these functional assays are increasingly being used as out-
come parameters for clinical trials of new CFTR modu-
lators. Finally, they may become invaluable tools in pre-
cision medicine aimed at selecting the best drug or drug
combination for restoring CFTR function in a given CF pa-
tient. Thus, given their large field of application, the avail-
ability of these techniques in Switzerland seems of utmost
importance. Efforts should be done to encourage their im-
plementation, so that CF diagnosis and treatment can be
optimised.
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