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To the Editor:

Highly effective cystic fibrosis transmembrane conductance regulator (CFTR) protein-targeting modulator
therapies (HEMTs) facilitate strong clinical improvements in a large proportion of people with cystic
fibrosis (CF) [1, 2]. More specifically, the European Medicines Agency and US Food and Drug
Administration (FDA) approved combination of the CFTR modulators elexacaftor/tezacaftor/ivacaftor (ETT)
for people with CF with at least one F508del allele, while the FDA extended eligibility for several rare
genotypes [3, 4]. However, 10-15% of those with CF carry CFTR mutations that are unresponsive to
HEMTs as monotherapy [1]; furthermore, some suffer from HEMT intolerance, and HEMTs are
sometimes not accessible due to practical challenges, such as lack of access due to high costs or legislation
and approval challenges. Consequently, the focus in the CF research field has shifted towards filling the
unmet clinical need for the people with CF that will not benefit from HEMTs.

We previously carried out large drug repurposing screens using patient-derived intestinal organoids (PDIOs)
from CF patients with rare CFTR variants using forskolin-induced swelling (FIS) assays, allowing
characterisation of functional CFTR [5, 6]. FIS outcomes associate with clinical features of CF and
treatment response, enabling compound testing in a personalised setting [3]. Three FDA-approved
compound families, with favourable safety and pharmacokinetic profiles, were found to increase CFTR
function. We established that CFTR modulators have a large treatment potential for CFTR mutations that
are not eligible for these compounds at present [6]. We characterised two additional FDA-approved
compound families that were not previously described to increase CFTR function. Phosphodiesterase 4
(PDE4) inhibitors, such as roflumilast, which is approved for obstructive lung disease treatment, presumably
increase CFTR function by elevating intracellular cAMP levels, thereby increasing opening of available
CFTR [6]. We additionally identified statins, such as simvastatin, to increase CFTR function in the context
of W1282X/W1282X CFTR, when combined with CFTR modulator pretreatment [5]. The molecular
mechanism connecting statin treatment to increased W1282X CFTR function remains unclear and previous
clinical studies of statin monotherapy did not show effects in people with CF (NCT00255242) [5].

Due to the diverse molecular working mechanisms of ETI, roflumilast and statins, the combination could
synergistically restore CFTR function. Here, we tested this hypothesis in PDIOs using the FIS assay for
two different CFTR genotypes that are not presently eligible for ETI and have previously been
characterised as unresponsive to ETI monotreatment: L927P/W1282X and W1282X/W1282X [4-8].
L927P is a rare missense mutation (c.2780C>T; pLeu927Pro; allele frequency of 0.02% in CFTR?2) that is
overrepresented in the Belgian CF population with a 2.4% incidence rate [9, 10]. L927P is a complex
allele, due to the presence of an additional 1110delGAAT mutation in cis which impacts splicing and
thereby potentially masks response to CFTR modulators [8]. W1282X is the most prevalent premature
termination codon (PTC) mutation after G542X (c.3846G>A; p.Trp128X; 1.2% allele frequency in
CFTR2) with an incidence of 61% in Jewish Ashkenazi people with CF [11, 12]. PTC mutations result in
low levels of truncated CFTR protein and associate with severe clinical manifestations [13]. The main
preclinical treatment strategy for PTC mutations is inducing translational readthrough at the PTC, yet in
clinical settings, results of such readthrough compounds are disappointing [14].
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Here, we describe preclinical data of the drug combination of ETI, roflumilast and simvastatin in PDIOs
and present a case study where an individual with L927P/W1272X CFTR with a severe, deteriorating
clinical status received this drug combination under a compassionate use setting covered by the patient’s
own hospital (figure 1a).

CFTR restoration was studied in PDIOs of an individual with W1282X/L.927P CFTR and four W1282X/
W1282X PDIOs. All PDIOs showed no baseline residual CFTR function. Compounds used as
monotherapy or in dual combinations were mostly ineffective, yet the complete drug combination resulted
in significant FIS for both genotypes, which is most clear in 3-h measurements (figure 1b and c).
Individual variation was observed between the four W1282X/W1282X PDIOs, yet trends across the
various drug combinations were identical. Rescue of CFTR with the complete compound combination was
higher than lumacaftor/ivacaftor FIS in F508del/minimal function (MF) for both genotypes, similar to
lumacaftor/ivacaftor in F508del/F508del PDIOs and reached approximately 40% of the effect of ETI in
F508del/MF PDIOs.

As the patient with L927P/W1282X CFTR experienced rapid clinical deterioration, we initiated treatment
with the complete drug combination in a clinical N-of-1 setting. The 51-year-old male patient colonised
with a multi-resistant Pseudomonas aeruginosa received an average of four annual antipseudomonal
antibiotics per year for exacerbations and received no previous CFTR modulators. Other major CF
comorbidities were CF-related diabetes, pancreatic insufficiency and polyposis nasi. In recent years, his
rapidly deteriorating clinical condition resulted in permanent incapacitation for work.

A trial period with simvastatin (40 mg daily), roflumilast (250 pg daily) and ETI treatment was started.
Dosages were selected based on labelled indications for use in people without CF, and together with a
pharmacist a drug safety monitoring plan was designed [3, 15, 16]. Baseline measurements of the patient
were a forced expiratory volume in 1 s (FEV,) of 74% predicted, corresponding to an absolute FEV; of
2.52 L (day O of therapy start). During evaluation with his pulmonologist a week after treatment, the
patient reported a major decrease of productive cough and fatigue. After 4 weeks, sweat chloride (SwCl)
concentrations lowered from 106 mM to 58 mM and decrease persisted at 16 weeks of treatment (67 mM;
-39 mM compared to baseline) (figure 1d). Pulmonary function measurements improved considerably
after 16 weeks, underlined by an absolute FEV; of 2.85 L, corresponding to an absolute increase of 9%
(figure 1e). The Cystic Fibrosis Questionnaire-Revised (CFQ-R) respiratory domain improved after
4 weeks treatment by 61 points (minimal clinically important difference (MCID) 4 points) and 67 points in
the vitality domain on the 100 point scale (no MCID available), and also on other subdomains (figure 1f)
[17, 18]. The self-report depression screening (PHQ-9) and anxiety questionnaires improved considerably
as well (figure 1f). Importantly, over the course of the treatment, no adverse effects were detected and
drug safety indicators, such as liver function, showed no anomalies.

Here, we report that a personalised drug testing effort led to a successful clinical intervention with a novel
drug combination consisting of the FDA-approved compounds, ETI, roflumilast and simvastatin, in a
person with two minimal function CFTR mutations. The potential for the individual drugs to increase
CFTR function was based on previous observations, but the novel combinatory regimen was verified here
using PDIOs prior to clinical intervention.

In PDIOs, FIS data highlighted that the drugs interact in a synergistic manner. Whilst single drugs were
not effective, restoration of CFTR function with the complete compound combination was similar to
lumacaftor/ivacaftor-induced FIS in homozygous F508del PDIOs. This points to the direction of its clinical
potential as lumacaftor/ivacaftor yields moderate results in homozygous F508del people with CF in a
clinical setting as well [19]. The observed synergy between the compounds is likely due to the different
molecular mechanisms of the compounds. ETI directly interacts with the produced CFTR protein leading
to improved folding, trafficking and gating of CFTR protein, and PDE4 inhibitors such as roflumilast can
result in increased activation of CFTR by elevating intracellular cAMP levels. The exact working
mechanism of simvastatin in terms of restoring CFTR function is unclear and future studies on the exact
mechanism of action of statins are warranted. FIS effects were clearer when measuring swelling over a 3-h
period. Whilst previous studies established optimal in vitro—in vivo correlations with 1-h measurements,
3-h measurements can enable better signal-over-noise measurements for in vitro—in vivo correlations if FIS
at 1-h measurement is low [20].

Clinically, the magnitude of response is exciting and strongly supports individual clinical benefit, but

additional studies are needed. SwCl decrease was similar to observations in F508del/MF ETI-treated
people with CF, suggesting drug-induced effects well beyond individual technical variation [21, 22].
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FIGURE 1 Preclinical studies guide a successful personalised clinical treatment regimen in a person with minimal function cystic fibrosis
transmembrane conductance regulator (CFTR), upon synergistic treatment with CFTR modulators, a cholesterol synthase inhibitor and a
phosphodiesterase 4 (PDE4) inhibitor. a) Schematic pipeline of this study. We characterised synergetic effect of statins, roflumilast and elexacaftor/
tezacaftor/ivacaftor (ETI) in a preclinical setting on patient-derived intestinal organoids (PDIOs) using the functional forskolin-induced swelling (FIS)
assay, after which we characterised efficacy of simvastatin/roflumilast/ETI in a clinical N-of-1 setting in the patient with L927P/W1282X CFTR.
b) CFTR function characterised by FIS in PDIOs with genotypes W1282X/L927P (indicated in blue) or W1282X/W1282X (indicated in grey), measured
during 1 h or 3 h. Different compound combinations are indicated on the x-axis. Bars indicate the average of three biological replicates based on
three technical replicates with error bars indicating the standard error of the mean. Significance was calculated using a two-way ANOVA followed
by Dunnett’s multiple comparisons test. ***: p<0.001; ****: p<0.0001. Dotted lines indicate benchmark 1-hour FIS values for F508del (dF)/minimal
function (MF) or dF/dF PDIOs treated with indicated CFTR modulators. AUC: area under the curve. c) Absolute responses normalised for dimethyl
sulfoxide (DMSO) response for L927P/W1282X PDIOs. d) Sweat chloride concentration at day 0 of treatment and after 4 or 16 weeks of treatment in
the N-of-1 trial of a cystic fibrosis (CF) patient with L927P/W1282X CFTR, compared to data of F508del/MF CF patients as published by MippLeTon
et al. [22]. The dotted line indicates the CF diagnostic threshold. e) Overview of lung function of the treated patient at day 0 of treatment and after
4 or 16 weeks upon treatment with ETI/roflumilast/simvastatin, compared to data of F508del/MF CF patients as published by MiooLeton et al. [22].
Lung function is depicted as absolute change in forced expiratory volume in 1's (FEV;) % predicted. f) Overview of self-reported health perceptions
before (grey bars) and 4 weeks after treatment (blue bars), based on Cystic Fibrosis Questionnaire-Revised (CFQ-R) domain score (range 0 to 100;
higher scores indicate a higher patient-reported quality of life with regard to the concerning domain), Personal Health Questionnaire (PHQ)-9
depression score (range 0 to 27; higher scores indicating a depressive disorder) and Generalized Anxiety Disorder (GAD)-7 questionnaire (range 0 to
21; higher scores indicating a generalised anxiety disorder).

FEV, % predicted reaches two-thirds of the increase as measured in F508del/MF ETI-treated people with
CF, yet in absolute numbers the 9% increase in FEV, is substantial and beyond the 5% threshold that is
considered clinically relevant [22]. The major improvements in self-reported health perceptions
furthermore underline major health improvements for the patient. While it could be argued that the
increase in FEV; is partially due to roflumilast-mediated smooth muscle relaxation and, as such,
bronchovasodilation, the change in SwCl concentration and the preclinical PDIO data support direct
modulation of CFTR in vivo. Although the magnitude of response is encouraging for this individual, a
washout period showing subsequent decline is missing. As such, this single case observation needs to be
interpreted with care and points to a need for additional studies. Future studies in larger subgroups with
placebo-controlled cohorts should investigate the contribution of the different drugs in the context of
different genotypes, such as homozygous W1282X CFTR.

Overall, our study shows that personalised drug testing effort can result in identification of novel treatment
regimens and successful individual clinical intervention. Proceeding with further clinical studies on the
combination of ETI, roflumilast and simvastatin is essential to identify how more people with CF can
benefit from this therapeutic regimen.
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