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ABSTRACT 36 

Background 37 

Preclinical cell-based assays that recapitulate human disease play an important role in drug repurposing. We 38 

previously developed a functional forskolin induced swelling (FIS) assay using patient-derived intestinal 39 

organoids (PDIOs), allowing functional characterization of CFTR, the gene mutated in people with cystic fibrosis 40 

(pwCF). CFTR function-increasing pharmacotherapies have revolutionized treatment for approximately 85% of 41 

people with CF, but a large unmet need remains to identify new treatments for all pwCF.  42 

Methods 43 

We used 76 non-homozygous F508del-CFTR PDIOs to test the efficacy of 1400 FDA-approved drugs on improving 44 

CFTR function, as measured in FIS assays.  45 

Results 46 

Based on the results of a secondary validation screen, we investigated CFTR elevating function of PDE4 inhibitors 47 

and currently existing CFTR modulators in further detail. We show that PDE4 inhibitors are potent CFTR function 48 

inducers in PDIOs and that CFTR modulator treatment rescues of CF genotypes that are currently not eligible for 49 

this therapy. 50 

Conclusions 51 

This study exemplifies the feasibility of high-throughput compound screening using PDIOs and we show the 52 

potential of repurposing drugs for pwCF that are currently not eligible for therapies.   53 
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INTRODUCTION 54 

Preclinical cell-based assays that recapitulate human disease play an important role in the first steps of drug 55 

development. Drug repurposing is the process of using clinically approved drugs outside their original disease-56 

indication 1. Pharmacokinetic and safety data that is readily available for existing drugs can enable a rapid use in 57 

clinical studies, which is particularly relevant in the context of rare diseases and personalized medicine where 58 

small patient populations enlarge economic and technical complexities. It has been estimated that 75% of known 59 

drugs could potentially be repositioned for various diseases 2.  60 

Cystic fibrosis (CF) is a rare hereditary disease caused by mutations in the CFTR gene. Pharmacotherapies termed 61 

CFTR modulators that rescue CFTR function have revolutionized treatment for approximately 85% of people with 62 

CF (pwCF) who carry the most prevalent F508del-CFTR mutation 3, but a large unmet need remains to identify 63 

new and affordable treatments for patients with CFTR mutations that are non-eligible or non-responsive for CFTR 64 

modulators. Such mutations encompass several classes, ranging from Class I mutations, such as premature 65 

termination codon (PTC) and splicing mutations, to very rare uncategorized mutations. CFTR function 66 

measurements in patient-derived intestinal organoids (PDIO’s) associate with clinical features of CF and may 67 

enable drug repurposing in a personalized setting 4. These CFTR function measurement are performed by means 68 

of the forskolin-induced (FIS) assay, in which forskolin induces fluid secretion into the organoid lumen resulting 69 

in rapid organoid swelling in a (near-to) complete CFTR-dependent manner 5,6. As found by us and others, CFTR 70 

function measurements in PDIOs associate with disease severity indicators of CF and CFTR modulator response, 71 

thereby enabling drug discovery efforts7,8. The established correlation between the FIS assay and clinical 72 

response furthermore allows theratyping, or the matching of patients to beneficial compounds based on 73 

laboratory results of the patient-derived cells. The fact that the FIS assay is well characterized in regards to 74 

translation of results to the pwCF in the clinic, indicates its potential for drug repurposing experiments. 75 

 76 

Other prerequisites for drug repurposing are that the exploited assay is high-throughput and robust. We recently 77 

succeeded in establishing a high-throughput screening version of the FIS assay, allowing testing of compounds 78 

that directly or indirectly influence CFTR function in a high-throughput manner on CF patient-derived material 9. 79 

Using this miniaturized FIS assay, we screened 76 non-homozygous F508del PDIOs, aiming to identify CFTR 80 

function enhancing drugs in a 1400-compound FDA-approved drug library. The included PDIOs represent those 81 
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CF patients who are not eligible for therapies at present-day. Three main hit families were distinguished: existing 82 

CFTR modulators, PDE4 inhibitors and tyrosine kinase inhibitors (TKIs). Due to the toxic nature of the latter 83 

category and the fact that PDE4 inhibitors are already used for treatment of the airway disease COPD 10, we 84 

argued that repurposing of PDE4 inhibitors and extending the label of CFTR modulators for currently non-85 

approved genotypes, hold most potential. We investigated those families in the rest of this study in several ways, 86 

amongst which characterization of PDE expression, characterization of responsive PDIOs and assessing the 87 

correlation between PDIO response to CFTR modulators and clinical efficacy of those modulators.  88 

 89 

This study exemplifies the feasibility of high-throughput compound screening using PDIOs in an assay with a 90 

functional read-out. We show the potential of repurposing drugs for people with CF carrying non-F508del 91 

genotypes that are currently not eligible for therapies, underlining the need for label expansion of CFTR 92 

modulators for currently non-eligible pwCF. Additionally, we describe the potential therapeutic benefit of PDE4 93 

inhibitors for pwCF with residual functional CFTR mutations. Altogether, this study underlines the potential and 94 

importance of identification of potential treatments and responsive patients, paving the way for patient 95 

stratification in the upcoming era of personalized medicine. 96 

  97 
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RESULTS 98 

FDA-approved Drugs Increase FIS in Non-Homozygous F508del PDIOs 99 

We set out to study rescue of CFTR function by 1400 FDA-approved compounds in PDIO cultures of 76 different 100 

donors, covering 58 different CFTR genotypes. PDIOs from 47 donors were compound heterozygous for the 101 

F508del allele whilst PDIOs cultures from 29 donors harbored no F508del allele. Genotypes were stratified into 102 

different categories as has recently been published 8. Mutations not included in this study were large deletions 103 

or splicing mutations in close proximity of the splice site and were therefore categorized as Class I mutations, 104 

except for mutation A559T that was recently described to result in poor apical trafficking due to a defective 105 

folding of the CFTR protein and was therefore categorized as Class II 11. A list of all PDIOs and corresponding 106 

genotypes is provided in Sup. Table 1. PDIOs from 26 donors were compound heterozygous for a premature 107 

termination codon (PTC) mutation, PDIOs from 24 donors were compound heterozygous for a missense 108 

mutation, a splice mutation or a deletion and PDIOs from 5 donors had an insertion or an unclassified mutation 109 

(Fig. 1A, left). All CFTR mutation classes are represented in our cohort except for Class III mutations and 6% of all  110 

alleles were unclassified (Fig. 1A, right).  111 

One challenge with screening a large variety of PDIOs is variation in baseline FIS due to differences in residual 112 

CFTR function. To compensate for this variability, we first determined the appropriate forskolin concentration 113 

per individual PDIO that resulted in the lowest level of baseline swelling, as to increase the chance of detecting 114 

compound-induced FIS per PDIO (Fig. 1B). Based on visual analysis, we selected the forskolin concentration that 115 

resulted in the lowest amount of organoid swelling, resulting in 0.128 µM forskolin for PDIOs with high residual 116 

CFTR function (25% of all PDIOs), 0.8 µM forskolin in case of moderate residual CFTR function (15% of all PDIOs) 117 

and 5.0 µM forskolin in case of minimal or absent baseline swelling (60% of all PDIOs).  118 

The screening pipeline consisted of a) PDIO addition to two 384-wells per PDIO, b) addition of two compounds 119 

per well for 24 hours, c) addition of forskolin directly before FIS measurements and d) confocal FIS measurements 120 

to visualize organoid swelling (Fig. 1C). After FIS quantification and hit definition in a binary way (mean+3SD 121 

above negative control), we selected the compound combinations that were a) a hit in at least 12.5% (equal to 9 122 

donors) of all donors based on AUC analysis and b) a hit in at least two donors based on visual confirmation. The 123 
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individual compounds of this final list of hit compound combinations were evaluated in a secondary screen on 9 124 

PDIOs representing various classes of CFTR mutations.  125 

In the primary screen, F508del/S1252N organoids treated with 5 µM forskolin or with 5 µM forskolin + 3 µM VX-126 

770 were used as positive control on each plate, negative controls were the PDIOs in question with forskolin. 127 

These conditions allowed verification of CV value calculation, Z’ factor calculation and outlier percentage 128 

calculation. CV values should not exceed 20% and CV values under 10% are considered excellent 12. The average 129 

CV value of 12.4% of all plates underlined assay robustness (Fig. 1D). Additionally, Z’-factors were calculated as 130 

indicator of assay quality. The Z’-factor is a parameter based on positive and negative control that ranges 131 

between 0 and 1, with 1 indicating a perfect assay and Z’-factors larger than 0.4 considered acceptable 12. The 132 

average Z’-factor over all donors was 0.49, underlining the overall assay robustness (Fig. 1E). 13 out of the 152 133 

plates were excluded for hit selection. Eight were excluded due to image acquisition related technical errors, two 134 

because positive and negative controls were missing and three due to poor organoid quality. We removed 135 

outliers based on interquartile range (IQR) calculations where wells with AUC values above Q3+(3xIQR) (=5963) 136 

of all positive control wells or below Q1-(3xIQR) (=-452) of all negative control wells were excluded. All plates 137 

used for hit selection displayed an outlier percentage below 2% (Fig. 1F).  138 

Positive hits were selected based on FIS values that were higher than the mean+3SD of the 8 negative control 139 

wells within the identical plate (Fig. 1G). The top 5% hits that increased AUC above this threshold in most 140 

patients, corresponded to 37 hits including the positive controls (VX-770, VX-809 and VX-770/VX-809). We 141 

selected the compound combinations that were a) a hit in at least 12.5% (equal to 9) of all donors based on AUC 142 

analysis and b) a hit in at least two donors based on visual analysis, resulting in a total of 30 compound 143 

combinations excluding positive controls, to be tested in the secondary screen. In Fig. 1H, the 30 top compound 144 

combinations and the three positive controls consisting of CFTR modulators are listed. For each compound 145 

combination the average AUC is stated, based on the AUCs of the PDIOs in which the compound combination 146 

was classified as hit, as well as the total number of PDIOs in which the compound combination was classified as 147 

hit and lastly the number of PDIOs in which a compound combination was distinguished as hit based on visual 148 

analysis. Overall, the three approaches of hit selection yield similar results. We observed large differences 149 

between PDIOS with respect to the amount of hits, where PDIO_047 with genotype F508del/G461R was 150 

responsive to a high number of compound combinations, in comparison to PDIO_069 with genotype 151 
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R1162X/3539del16 for which no compound combinations were able to increase CFTR function (Supplemental 152 

Table 2). Overall, the median number of hits differed per mutation category, ranging from 10.5 hits in Class 153 

II/Class V PDIOs to a median of 73 hits for Class II/Na or unclassified PDIOs (Sup. Fig. 1). Additionally, the mean 154 

number of hits in the Class I/Class I category was significantly lower than the mean averaged number of hits of 155 

all categories combined (p=0.0467). 156 

 157 

Identification of Three Main Compound Families that Increase CFTR Function 158 

We next set out to determine which of the two compounds of the selected wells was associated with the 159 

observed efficacy. PDIOs with 9 different genotypes were selected that represented the different CFTR mutation 160 

classes as well as the three different forskolin concentrations, representing different baseline CFTR function 161 

levels. PDIOs were treated with the individual 60 FDA compounds from the 30 original compound combinations. 162 

For most compound combinations, one of each compounds clearly resulted in a higher increase of FIS than the 163 

other compound. Z-scores were calculated in order to correct for differences between plates, compound with a 164 

Z-score higher than 1.5 in at least two donors were considered a hit, resulting in confirmation of 19 hits (Fig. 2A). 165 

As anticipated, donor variation was observed between the selected hits, e.g. CFTR potentiator Ivacaftor on plate 166 

1 (compound 2) reached a high Z-score across most genotypes, whereas Rolipram on plate 1 (compound 11) 167 

reached high Z-scores particularly in PDIOs with high residual function that were tested with 0.128 µM forskolin. 168 

Four compounds reached a Z-factor of 1.5 only in one donor, and in 9 compound combinations neither of both 169 

compounds was identified as hit. Average DMSO-corrected AUC levels of these 19 confirmed hits were calculated 170 

for the PDIOs in which the compound was defined as hit (Fig. 2B). Interestingly, 3 main compound families could 171 

be identified. Firstly, CFTR modulator VX-770 resulted in CFTR rescue in genotypes for which this modulator is 172 

currently not approved. Additionally, 4 out of the 19 compounds were phosphodiesterase (PDE) inhibitors and 6 173 

out of the 19 compounds were tyrosine kinase inhibitors (TKIs), that mainly inhibit EGFR. Due to the toxic nature 174 

of the latter category and the fact that PDE4 inhibitors are already used for airway disease COPD 10,13, we argued 175 

that PDE4 inhibitors and CFTR modulators were the most promising candidates.  176 

  177 
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Acute PDE4 Inhibition Increases CFTR Function at a Low Nanomolar EC50 178 

Phosphodiesterases (PDEs) comprise a group of enzymes that catalyze the hydrolysis of phosphodiester bonds 179 

of second messengers, cAMP and cyclic guanosine monophosphate (cGMP), thereby regulating many 180 

downstream signaling processes 14. PDE4 inhibitors act by blocking the catalytic site of PDE4, thereby suppressing 181 

cAMP degradation. Consequentially, intracellular cAMP levels rise thereby increasing PKA activation and 182 

subsequently increasing CFTR phosphorylation and function (Fig. 3A). RNA expression analysis of the four PDE4 183 

subtypes indicates identical expression between wild-type and CF (F508del/F508del) intestinal PDIOs. When 184 

comparing the PDE subtypes, higher expression of specifically PDE4D was observed in primary airway epithelial 185 

cells (Fig. 3B). 186 

We first studied selectivity of PDE subtypes for modulating FIS in R334W/R334W PDIOs, one of the PDIOs that 187 

was most responsive to PDE4 inhibitors based on the results of the secondary screen. Comparison of different 188 

PDE inhibitors that target cAMP or cGMP as well as three pan-PDE inhibitors, indicate that inhibition of mainly 189 

PDE4D results in a large increase of CFTR function (Fig. 3C). Inhibition of other cAMP-mediated PDEs or cGMP-190 

mediated PDEs did not increase of CFTR function. Pan-PDE inhibitors were less efficacious than PDE4-selective 191 

inhibitors. We continued with optimizing the dynamic range to detect effects of PDE4 inhibitors and observed 192 

that PDE4 inhibitor-induced swelling was at its maximum after two hours of incubation (Fig. 3D). In the primary 193 

and secondary screen, all compounds were preincubated for 24 hours prior to FIS measurements. Acute addition 194 

and longer exposures of PDE4 inhibitors however all resulted in similar increases in FIS, consistent with the 195 

established mode-of-action of PDE4i as direct inhibitor of cAMP degradation (Fig. 3D). This is distinct from β2 196 

adrenergic receptors (β2AR)-agonists that increase cAMP levels and downregulate PDIO responses to forskolin. 197 

Especially upon longer exposure it has been shown that B2AR-agonist salbutamol pretreatment can result in 198 

reduced CFTR activity 15. We also detected a decrease in organoid swelling after 72h of pre-incubation with both 199 

salbutamol and roflumilast when compared with PDIO swelling induced by acute administration (Sup. Fig. 2A). 200 

We however observed forskolin-independent PDIO preswelling prior to the FIS assay, indicated by an increase of 201 

steady-state lumen area (SLA) (Sup. Fig. 2B). This potentially explains a decrease of PDIO swelling during the FIS 202 

assay. We subsequently calculated ratios between FIS decrease and SLA increase, where ratios larger than 1 203 

indicate that the decrease of PDIO swelling after 72h incubation with salbutamol is larger than what is caused by 204 

PDIO preswelling. Whilst this is the case for salbutamol, this is not the case for especially the lower concentration 205 
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of roflumilast (Sup. Fig. 2C). This indicates that PDE4 inhibition, opposed to B2AR-agonist, does not result in 206 

downregulation of CFTR activity.  207 

Without forskolin induced cAMP increase, PDE4 inhibition did not result in increased CFTR function. Additionally, 208 

when stimulating with a high concentration of forskolin, the difference between residual CFTR function and PDE4 209 

induced CFTR function was not detectable due to high swelling in both conditions (Fig. 3E). This underlines the 210 

forskolin dependency of the effect of PDE4 inhibitors as well as that 0.128 µM forskolin results in the optimal 211 

dynamic range to detect effects of PDE4 inhibition. Additionally, FIS was measured with increasing 212 

concentrations of roflumilast. A clear concentration-dependent effect was observed with an EC50 of 65 nM (Fig. 213 

3F).   214 

PDE4 Inhibition Efficacy Depends on Residual CFTR Function  215 

To compare whether different PDE4 inhibitors result in differences in CFTR function increase, we compared 5 216 

different PDE4 inhibitors: rolipram, roflumilast, cilomilast, piclamilast and apremilast. To further characterize 217 

genotype-specific effect, the PDE4 inhibitors were screened on a panel of 14 PDIOs. 8 PDIOs expressed different 218 

Class II/Class III mutations, 4 PDIOs were homozygous for the F508del/F508del CFTR mutation and 2 PDIOs 219 

homozygously expressed W1282X CFTR. Prior to characterizing CFTR function increase, we confirmed absence 220 

of toxicity of those PDE4 inhibitors (Sup. Fig. 3). PDE4 inhibitors were tested alone or in combination with 221 

additional compounds. We compared compound-induced swelling to background-induced swelling, for which 222 

Pearson’s R2 correlations for roflumilast, rolipram and VX-770 are shown in Fig. 4A, and in Sup. Fig. 4 for 223 

apremilast, cilomilast and piclamilast. Correlations were significant and positive for all compounds, with the 224 

highest for VX-770 (R2=0.95, p<0.0001) in comparison to roflumilast (R2=0.68, p<0.0001) and rolipram (R2=0.73, 225 

p<0.0001). Whilst this underlines that PDE4 inhibition efficacy is positively correlated to baseline CFTR function, 226 

we observed large variation in PDE4 inhibitor response between PDIOs with low residual function.   227 

In total, in 6-out-of-8 non-Class I and non-F508del PDIOs, at least one PDE4 inhibitor significantly elevated CFTR 228 

function, in some cases resulting in AUC values similar or higher than VX-770 corrected positive control 229 

conditions (Sup. Fig. 5A). PDIOs that respond better to PDE4 inhibitors than predicted based on the correlations, 230 

are the PDIOs harboring W1282X/W1282X CFTR. These PDIOs were treated with PDE4 inhibitors in combination 231 

with RT agent DAP (Fig. 4B). The large additional effect of PDE4 inhibitors when combined with DAP, indicates 232 
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compound synergy. This could be attributed to the MoA of DAP which results in tryptophan incorporation at the 233 

PTC site and therefore WT restoration of the CFTR protein 16. This is not the case for RT-agent ELX-02, for which 234 

we observed a less prominent increase in CFTR function when combined with PDE4 inhibitors & CFTR modulators 235 

Trikafta (VX-445/VX-661/VX-770). In this combination however, the combination of roflumilast/ELX-02/CFTR 236 

modulators reached PDIO swelling levels that were comparable to the combination of ELX-02/Trikafta/SMGi, the 237 

latter inhibiting nonsense-mediated mRNA decay (NMD). PDIOs that respond less to PDE4 inhibitors than 238 

predicted based on the correlation between background induced swelling and PDE4 induced swelling, are PDIOs 239 

homozygously expressing F508del/F508del CFTR that were tested in combination with CFTR modulators VX-240 

809/VX-770 (Sup. Fig. 5B). All responses are summarized in Fig. 4C, in which we show background-corrected AUC 241 

values upon PDE4 inhibitor treatment. The effect of PDE4 inhibition on PDIO swelling shows a large amount of 242 

variation, underlining genotype-associated differences in response. Overall, among all included PDIOs, a similar 243 

trend was observed regarding the effect of the different PDE4 inhibitors, with piclamilast, roflumilast and 244 

rolipram resulting in the highest increase in CFTR function.  245 

We subsequently investigated the effect of PDE4 inhibition in primary airway organoids harboring A445E/S1251N 246 

CFTR, as these mutations have previously been recognized as Class II/III mutations respectively and possess some 247 

residual CFTR function. Corresponding to the results in the PDIOs, roflumilast elevates CFTR function in a forskolin 248 

dependent manner, where maximum efficacy is observed at mainly 0.128 µM forskolin (Fig. 4D).  249 

To stratify more CF patients that could potentially benefit from PDE4 inhibition, we tested roflumilast on 107 250 

additional PDIOs, covering 74 genotypes of which 34 did not express F508del CFTR (Supplemental Table 3). 251 

Roflumilast increased swelling (AUC>250) in 19 out of 107 PDIOs (Fig. 4E). Genotypes that were responsive to 252 

treatment were confirmed, such as 3849+10kbC>T, and other responsive genotypes were identified, such as 253 

3905insT/D1152H (Fig. 4F).  254 

  255 
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Potential of Label Expansion of CFTR modulators for People with Rare CFTR Genotypes 256 

In the primary and secondary screen, CFTR modulators elevated CFTR function to a high degree and in a large 257 

number of PDIOs, suggesting a high potential for label extension of CFTR modulators. To further characterize 258 

genotypes that would potentially benefit from CFTR modulator therapy, we screened 197 PDIOs representing 259 

127 genotypes, that carried at least one CFTR mutation that is present in <1% of the European and American 260 

population and carrying maximum one of the following alleles: F508del/G542X/G551D/R117H/N1303K/ 261 

W1282X/3849+10kbC>T/R553X/1717-1G>A/621+1G>T/2789+5G>A/3120+1G>A/CFTRdele2,3 (Supplemental 262 

Table 4). Modulator responses of another 109 PDIOs (Supplemental Table 5) representing 34 different 263 

genotypes were additionally screened to obtain an overview of reference AUC levels allowing characterization 264 

of the correlation between FIS data and clinical data at group level. FIS was measured upon activation with 265 

0.128 µM forskolin, as the in vitro drug effect expressed by FIS measured with this forskolin concentration has 266 

previously been shown to correlate with the in vivo drug effect. 267 

The 197 PDIOs were treated with VX-770 or VX-809/VX-770. FIS data are shown for PDIOs carrying at least one 268 

F508del allele in Fig. 5A, and FIS data for non-F508del PDIOs are shown in Fig. 5B. As done before in a smaller 269 

dataset 6, we investigated the association between average FIS values in PDIOs and the average FEV1 response 270 

in clinical trials (Table 1) in 7 representative genotype-stratified subgroups (Fig. 5C). Consistent with previous 271 

findings 7, we found a significant correlation (R2=0.53, p<0.0001) between the level of CFTR-modulator induced 272 

swelling of the PDIOs and the treatment effect expressed in absolute change in FEV1pp of reported clinical 273 

studies. These data indicate that 31 of the 127 genotypes had VX-770-responses beyond that of VX-770 treated 274 

F508del/splice PDIO and that 36 genotypes of the 127 genotypes had VX-770/VX-809 responses beyond that of 275 

VX-770/VX-809-treated F508del/F508del PDIO, indicating a clinical benefit based on the correlation described in 276 

Fig. 5C. Furthermore, PDIOs with CFTR mutations that are currently not categorized into one of the CFTR 277 

mutation classes, can be classified based on these data.  278 

We observed a strong correlation (R2=0.7) between baseline swelling (DMSO) at 5 µM forskolin and swelling 279 

increase with VX-770 and 0.128 µM forskolin (Fig. 5D). A similar relation between residual CFTR function and VX-280 

770/VX-809-mediated increase in swelling was observed, however with a lower R2 (R2=0.4). Only two organoid 281 

cultures (E92K/E92K and A455E/(TG)13(T)5) showed an increase in CFTR function with treatment of solely VX-282 
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809, and correlation between VX-809 induced swelling response and DMSO-induced swelling response was 283 

absent. 284 

DISCUSSION 285 

Preclinical cell-based assays that recapitulate human disease can play an important role in the first steps of drug 286 

repurposing. We previously developed an in vitro functional assay using PDIOs to measure function of the CFTR 287 

gene that is mutated in pwCF. We screened 76 non-homozygous F508del-CFTR PDIOs to measure the efficacy of 288 

1400 FDA-approved drugs on improving CFTR function as measured by FIS. The utilized FIS assay allows read-out 289 

of functional CFTR, which has been shown to associate with disease severity indicators of CF, long-term disease 290 

progression and therapeutic response, underlining the potential clinical value of identified preclinical hits 7,8. 291 

Here, we show that PDE4 inhibitors piclamilast, roflumilast and rolipram, are potent CFTR inducers in PDIOs 292 

where residual CFTR is either present, or created by additional compound exposure. Additionally, upon CFTR 293 

modulator treatment (VX-809/VX-770), we show rescue of PDIOs that are currently not eligible for this therapy. 294 

The procedure to biobank and culture PDIOs for screening was robust. Previous optimization of several steps in 295 

96-wells FIS assay 4, allowed us to practically perform the FIS assay in a 384-wells format 9 .In the context of high-296 

throughput screenings, most efforts have been made in the cancer-field. Whilst patient-derived organoid 297 

screening has received much attention, many studies in this context are lower-throughput screenings, in which 298 

read-outs are often centered around viability 17–19. Whilst viability can be quantified in a relative straightforward 299 

fashion, for example by luminescence measurement, increasing throughput of functional assays with a more 300 

complicated read-out is exceedingly challenging. A few recent studies reported higher throughput screenings on 301 

2D patient-derived material in the context of CF 20,21, yet robustness of exploited assays was either lower than in 302 

our study or not reported. Overall, robustness of our screening assay was confirmed and underlined by 70% of 303 

the plates reaching Z’-factors of 0.4 or higher and the average of all plates reaching a Z’-factor of 0.5. As a positive 304 

control was not available for all PDIOs, the Z’-factor positive signal on each plate consisted of F508del/S1251N 305 

PDIOs stimulated with VX-770 and forskolin. For this reason, we did not use Z’ calculations to exclude individual 306 

plates from the analysis. Further improvement of assay robustness and throughput might come from improving 307 

automation by means of automated organoid dispensers, drug printers and centrifugal washers to further reduce 308 

technical variability. 309 
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An additional challenge we encountered, is that PDIOs differ in baseline residual CFTR function, thereby limiting 310 

the opportunity to detect positive hits for individual PDIOs with high forskolin (optimal for low baseline CFTR) 311 

and low forskolin (optimal for high baseline CFTR) stimulation respectively. PDIO-specific forskolin 312 

concentrations were thus selected and enabled screening by minimizing baseline swelling, but prevented the use 313 

of a uniform assay for all PDIOs. Wild-type, non-CF organoids have pre-swollen phenotypes and show lower 314 

responses to forskolin due to their already fluid-filled lumens. Using FIS as screening readout, might have 315 

hampered detection of highly promising hits that caused significant PDIO pre-swelling prior to forskolin 316 

stimulation. We therefore visually inspected all wells of the stimulated PDIOs, but found no strong pre-swollen 317 

organoid phenotypes, apart from wells containing cAMP-increasing drugs like β2-agonists that we previously 318 

reported 22. In the future, new assays that are based on image analysis of absolute steady-state phenotypes need 319 

to be developed to complement the current kinetic assay that rely on relative changes in organoid phenotypes.  320 

PDIO swelling is highly CFTR dependent under standard culturing conditions, and as such we anticipated that 321 

positive hits might either increase the CFTR apical protein expression, channel open probability or channel 322 

conductivity. The primary screen resulted in a list of 30 top compound combinations. Large differences between 323 

PDIOs were observed, where some were non-responsive overall and some were sensitive to a high number of 324 

compound combinations. Overall, PDIOs with two Class I mutations were the least responsive. To limit workload, 325 

we chose to validate the hit compound combinations in 9 PDIOs that represented the different CFTR mutation 326 

classes and baseline CFTR levels, as stratified by the three different forskolin concentrations. A limitation of this 327 

approach is that we did not fully recapitulate the patient and mutation variation of the initial screen, which 328 

potentially resulted in a loss of hit compounds in this validation screen. In the secondary screen, we showed that 329 

19 compounds out of the 30 compound combinations resulted in an increase in FIS. Three main families were 330 

distinguished within these compounds, existing CFTR modulators; PDE4 inhibitors and tyrosine kinase inhibitors 331 

(TKIs). Due to the toxic nature of the latter category  23,24 the fact that PDE4 inhibitors are already used for smooth 332 

muscle relaxation in the respiratory disease COPD 10 and that for CFTR modulators it would be a matter of label 333 

extension instead of drug repurposing, we further investigated those latter two subfamilies further in our studies. 334 

PDEs catalyze the hydrolysis of phosphodiester bonds of second messengers, cAMP and cyclic guanosine 335 

monophosphate (cGMP), thereby regulating many downstream signaling processes such as smooth muscle 336 

activation and inflammation associated pathways 14. By inhibiting smooth muscle activation, roflumilast is the 337 
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first PDE4 inhibitor that has received regulatory approval for the treatment of a subset of patients with severe 338 

chronic obstructive pulmonary disease (COPD) 25. We verified that PDE4 is indeed the main PDE variant whose 339 

inhibition is related to CFTR function elevation, and found also higher expression of this PDE variant than of the 340 

other PDE variants in both PDIOs as well as primary nasal epithelial cells differentiated at air-liquid interface. 341 

Whilst PDE4 inhibition can increase CFTR activation due to higher levels of cAMP and subsequent PKA activation 342 

and increased CFTR channel opening, PDE4 inhibition does not restore CFTR function directly. This is underlined 343 

by the absence of PDE4i-mediated CFTR increase in W1282X/W1282X PDIOs when no other compounds are 344 

combined with the PDE4 inhibitors. Additionally, we show positive correlations between residual CFTR function 345 

and response to PDE4 inhibitors. Among all included PDIOs, piclamilast, roflumilast and rolipram elevated CFTR 346 

function to the highest extent. The difference between those PDE4 inhibitors and apremilast and cilomilast could 347 

be related to differences in the potency as well as PDE4 subtype selectivity. Roflumilast and piclamilast have 348 

previously been characterized by high subnanomolar potency with IC50 at 0.2-4.3 and 1 nM, respectively 10,26. On 349 

the other hand, IC50 of apremilast and cilomilast were identified at higher concentrations of 74 and 110 nM, 350 

respectively 27,28.  351 

It was interesting to observe that there were large differences between the PDIOs and the extent of response to 352 

PDE4 inhibitors. Of the different PDIOs characterized in this study, several genotypes benefited from PDE4 353 

inhibition as single compound, such as R334W, 3849+10kbC>T and G461R. We additionally assessed the effect 354 

of PDE4 inhibition in combination with additional compounds. We show that large synergistic effects can be 355 

achieved by combination of PDE4 inhibitors and compounds with different MOAs, such as DAP and roflumilast 356 

in W1282X/W1282X PDIOs. Strikingly, PDE4 inhibition did not further increase CFTR function in F508del/F508del 357 

PDIOs with either VX-809/VX-770 or other CFTR modulators (data not shown). Differences in the intracellular 358 

pathways such as low cAMP levels or differences in phosphorylation susceptibility caused by different compound 359 

treatments, might explain this absence of the PDE4 inhibitor-related effects. Characterizing cAMP and PKA levels 360 

or the degree of phosphorylation of CFTR in future studies could be of added value to further understand the 361 

difference between the F508del/F508del and the other genotypes. Despite the promising results of PDE4 362 

inhibition in regards to elevation of CFTR function, we note that the in vivo efficacy of cAMP modulating pathways 363 

could be overestimated in vitro due to the differences in physiological cAMP concentrations in vivo and in vitro. 364 
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Additionally, levels of baseline cAMP level potentially vary across tissues resulting in different, tissue-specific 365 

PDE4 effects. 366 

Among all FDA hits, CFTR function modulators were most effective. Importantly, as CFTR modulators are already 367 

approved for specific mutations causing CF, it would be a matter of label extension instead of drug repurposing, 368 

which could result in an even faster translation into the clinic. Consistent with a previous study investigating this 369 

correlation 6, we found a significant correlation between the level of the DMSO-corrected drug-induced swelling 370 

of the PDIOs with 0.128 µM forskolin and the treatment effect expressed in absolute change in FEV1pp of 371 

available clinical trial data of mutations present in our study. Recently, the triple combination of CFTR modulators 372 

VX-445/VX-661/VX-809 has been approved by the FDA and EMA for all non-homozygous F508del genotypes. 373 

Concerning our screen on non-F508del PDIOs that are currently not approved for any modulators, we show based 374 

on our association between FIS data and clinical data that 17 out of 54 or 23 out of 54 PDIOs included in this 375 

dataset could have a moderate clinical benefit of respectively VX-770 or VX-809/VX-770 therapy, as their swelling 376 

response is equal or higher than the F508del/RF_Splice PDIO category treated with VX-770. The mutations 377 

4382delA/2043delG and R334W/R334W are particularly interesting as these mutations are currently not 378 

approved for VX-770 therapy. These results underline the relevance of continuing to screen non-eligible non-379 

F508del-CFTR genotypes with CFTR modulators and to potentially expand the label of these compounds based 380 

on the FIS assay. Additionally, our results and screening pipeline overall can aid in theratyping CFTR mutations of 381 

unknown consequence into a mutation category. For example, CF0823 (G542X/P988R) responds well to the 382 

combination of VX-770/VX-809 whilst swelling is not increased upon VX-770 treatment alone, indicating that 383 

mutation P988R is a CFTR mutation that results in improper CFTR folding and trafficking. 384 

Additional to repurposing of PDE4 inhibitors and CFTR modulators, we found several other hit families that may 385 

reveal new targets and pathways acting on CFTR and that could be further characterized in the future. In the 386 

secondary screen, several TKIs were found to elevate CFTR function, such as Afatinib and Erlotinib. Interactions 387 

between CFTR and TKIs such as Afatinib have indeed previously been described, for example in the context of 388 

RTK inhibitor induced diarrhea 29. A recent study describes that EGFR TKIs potentiated the activity of potassium 389 

and CFTR chloride channels in T84 cell monolayers and rat models 30. However, as TKIs are mainly used as anti-390 

cancer therapeutics and are known for severe side-effects, rapid translation of these results to the clinic is 391 

challenging. Voxtalisib, a PI3kinase and mTOR inhibitor additionally increased organoid swelling. Inhibitors of the 392 
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PI3K/Akt/mTOR pathway have previously been shown to improve F508del-CFTR stability and function by 393 

stimulating autophagy in CFBE cells 31. Whether Voxtalisib acts with a similar MoA remains unclear for now. 394 

Another potentially interesting target we identified are GABA-activated chloride channels. Potentiation of the 395 

effects of the inhibitory neurotransmitter GABA with chlormezanone, also a compound among our hits, 396 

stimulates chloride influx through GABA-activated chloride channels 32. Although it is believed that the GABA 397 

receptor is predominantly expressed in the nervous system, some studies describe expression in intestinal 398 

epithelial cells and furthermore show involvement in intestinal fluid secretion 33–35. Potentially, future studies 399 

could aid in further characterization of the MoA of TKI/mTOR inhibition and GABA-inhibition mediated CFTR 400 

function increase and give leads for further drug development/biomedical chemistry based approaches. 401 

In conclusion, we implemented a high-throughput 384-wells version of the functional FIS assay to screen a large 402 

number of PDIOs for compounds that enhance CFTR function. We characterized PDE4 inhibitors as novel CFTR 403 

elevating compound family, and furthermore show that CFTR modulators such as VX-809 and VX-770 might be 404 

beneficial for CF patients with CFTR mutations that are not eligible for CFTR modulators at present-day. We 405 

propose to conduct clinical studies designed to test the effects of roflumilast and existing CFTR modulators for  406 

these patients. Overall, our study demonstrates how preclinical studies using PDIOs can be used to initiate drug 407 

repurposing efforts. It facilitates the identification of potential treatments and responsive patients, thereby 408 

paving the way for patient stratification in the upcoming era of personalized medicine.  409 

  410 

.CC-BY-NC 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted September 3, 2022. ; https://doi.org/10.1101/2022.09.02.506304doi: bioRxiv preprint 

https://doi.org/10.1101/2022.09.02.506304
http://creativecommons.org/licenses/by-nc/4.0/


18 
 

MATERIALS AND METHODS 411 

Collection of primary epithelial cells of CF patients (pwCF) 412 

All experimentation using human tissues described herein was approved by the medical ethical committee at 413 

University Medical Center Utrecht (UMCU; TcBio#14-008 and TcBio#16-586). Informed consent for tissue 414 

collection, generation, storage, and use of the organoids was obtained from all participating patients. Biobanked 415 

organoids are stored and catalogued (https://huborganoids.nl/) at the foundation Hubrecht Organoid 416 

Technology (http://hub4organoids.eu) and can be requested at info@hub4organoids.eu 417 

Human intestinal organoid culture and forskolin selection 418 

Patient-derived intestinal organoid (PDIO) culturing was executed as previously described 4. Prior to the FIS-419 

assay, residual function levels of CFTR were determined during culture by visual analysis. Each PDIO culture was 420 

incubated with 0.02, 0.128, 0.8 and 5.0 µM forskolin for 1h, after which PDIO swelling was checked visually with 421 

a light-microscope. The forskolin concentration that resulted in lowest levels of residual swelling was chosen for 422 

subsequent screenings. 423 

Compounds 424 

The FDA library, purchased from SelleckChem (Z178323-100uL-L1300), was stored at -80°C. All other compounds 425 

used in this study are listed in Table 2. 426 

384-wells FIS assay 427 

384-wells FIS-assays were performed according to previously described protocols 4,5, with minor adaptations 428 

allowing a 384-wells screening setting as summarized in Table 3 9. PDIOs of 76 different donors were seeded in 429 

25% matrigel on two 384-wells plates/donor (7 µL/well). Organoids were subsequently submerged in 8 µL 430 

complete culture media supplemented with two FDA compounds/well (3 µM). The bottom 8 wells of the last 431 

column of each plate were not supplemented with FDA-compounds and served as negative control as well as 432 

minimal signal for Z’-factor calculations. The top 8 wells of the last column of each plate contained 433 

F508del/S1251N organoids that were treated with VX-770 (3 µM, acute addition) and forskolin (5 µM, acute 434 

addition), serving as a positive control and maximal signal for Z’-factor calculations. After 24 hours, 30 minutes 435 

prior to confocal imaging, organoids were fluorescently labeled with 5 µL calcein green (7 µM). 50 µL DMEM-F12 436 
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supplemented with forskolin and VX-770 for the positive controls, was added. Organoid swelling was monitored 437 

during 1 hour and total organoid surface area per well was quantified. Additional to fluorescent confocal images, 438 

brightfield images were taken of each well for visual analysis of organoid swelling. AUC values above 5963 439 

(=Q3+(3xIQR) of all positive control wells of all plates with a Z’-factor > 5) and AUC values below -452 (=Q1-440 

(3xIQR) of all negative control wells were excluded. Only plates with an outlier percentage below 2% were 441 

included for hit selection. Wells were selected as hit when AUC values were higher than the mean+3xSD of the 8 442 

negative control wells (DMSO treated) on each individual plate. The top 5% hits that increased AUC above the 443 

threshold in most patients and that were a hit in at least 2 PDIOs based on visual analysis resulted in 33 compound 444 

combinations. The total number of hits we investigated in a secondary screen was 30 as three of the identified 445 

hits were the positive controls (VX-770, VX-809 and VX-770/VX-809). Since in the primary screen two compounds 446 

per well were combined, the secondary screen consisted of in total 60 individual compounds. The primary and 447 

secondary screen were performed once with one technical replicate per condition, except for negative and 448 

positive controls (8 replicates each). 449 

96-wells FIS assay 450 

96-wells FIS assays were conducted as previously described 4. For the secondary FDA screen, PDIOs derived from 451 

9 donors were seeded into 96-wells plates within 50% matrigel. PDIOs were submerged in complete culture 452 

medium supplemented with one of the FDA compounds (3 µM), except for three wells (only DMSO). Z-scores of 453 

the secondary screen were determined according to the following formula: z-score = (x-μ)/σ, where x is the AUC 454 

value of each condition, μ is the mean AUC value of the 3 control wells on each plate, and σ is the standard 455 

deviation of the same 3 control wells on each plate. Besides the negative controls, each plate contained two 456 

positive control wells with F508del/S1251N organoids that were treated with VX-770 and 5 µM forskolin. For 457 

each donor, a suboptimal forskolin concentration was used, i.e. a forskolin concentration that resulted in minimal 458 

PDIO swelling. Organoid swelling was monitored during 1 hour and total organoid surface area per well was 459 

quantified 7. 460 

For all follow-up FIS experiments on PDE4 inhibitors after the primary/secondary screen, PDE4 inhibitors were 461 

added acutely prior to the FIS measurement in combination with 0.128 µM forskolin prior to a 2hr measurement 462 

FIS assay, except when stated otherwise. Three biological replicate experiments were performed with three 463 

technical replicates per condition. 464 
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The screening of 107 different organoid cultures upon roflumilast treatment was assessed with 24h of roflumilast 465 

preincubation, and a donor-dependent suboptimal forskolin concentration (either 0.128, 0.8 or 5.0 µM) was used 466 

for the FIS-assay. This screen was performed once with one technical replicate per condition. 467 

For the CFTR modulator screen, CFTR modulators VX-770 (3 µM, simultaneously added with forskolin), VX-809 468 

(3 µM, 24h) and VX-770/VX-809 were tested on an additional 236 cultures, covering 167 different genotypes 469 

(Supplemental Table 4). Prior to the 1h FIS measurements, CFTR activation was stimulated by addition of 0.128 470 

µM forskolin for all genotypes. Screening was performed once with one technical replicate per condition.  471 

PDIO viability 472 

Cell viability was assessed by means of an Alamar Blue assay performed on the PDIOs in the FIS assay plate, after 473 

the FIS assay ended. Organoids were treated with the PDE4 inhibitors or salbutamol at the indicated 474 

concentrations and incubation times. PDIOs were incubated with Alamar Blue (1:10 diluted in DMEM/F12 475 

phenol-red free) for 4h at 37°C. Fluorescence intensity of the Alamar Blue solution was measured with a photo 476 

spectrometer at 544/570 nm. Viability was normalized to the averages of the positive (10% DMSO) and negative 477 

controls. Three biological replicate experiments were performed with three technical replicates per condition. 478 

PDIO lumen size 479 

Confocal images obtained in the FIS assay results were used for the quantification of organoid lumen area and 480 

subsequently drug-induced swelling prior to the FIS assay. The luminal area as well as the total area was 481 

quantified manually using ImageJ, in a blinded fashion by 2 researchers. Results from three wells were averaged 482 

prior to calculation of the percentage of luminal organoid surface area of the total organoid surface area. Three 483 

biological replicate experiments were performed in which 10 organoid structures were characterized per 484 

condition. 485 

PDE4 quantative RT-qPCR 486 

Prior to qPCR, total RNA was isolated from the airway and intestinal organoids using 350 µl RNeasy lysis buffer. 487 

RNA extraction was performed using the RNeasy Kit according to the manufacturer’s instructions and RNA yield 488 

was determined by a Nanodrop spectrophotometer. Subsequently, cDNA was synthesized using an iScript cDNA 489 

synthesis kit according to the manufacturer’s protocol. Next, 10 μl qRT-PCR reactions were executed using BIO-490 
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RAD I-Cycler 96 wells-plates with iQ™ SYBR Green Supermix and 10 μM forward and reverse primers. The samples 491 

were incubated for 3 minutes at 95 °C and 39 cycles at 10 seconds at 95 °C and 30 seconds at 62 °C. For the 492 

expression levels of PDE4 enzymes, ΔCt values were calculated while for the treated PTC organoids ΔΔCt values 493 

were calculated. The Ct values were normalized with the mean of mRNA expression of YWHAZ and GAPDH that 494 

served as housekeeping genes. Averages were calculated from the three technical replicates corresponding to 495 

one biological replicate. Melting peaks were analyzed to confirm specific primer binding. Details of primers used 496 

for qPCR are listed in Table 4. 497 

Primary airway organoid FIS 498 

FIS of primary airway organoids was performed as previously described 36. In brief, human nasal epithelial cells 499 

of early passage were cultured on 12-transwell inserts, previously coated with PureCol (1:100; 30 μg/ml) in 500 

expansion medium. When confluency was reached, culture medium was changed to air-liquid interface (ALI) 501 

differentiation medium supplemented with A83-01 in submerged condition for 2-3 days. Next, cells were air-502 

exposed and further differentiated as ALI-cultures, refreshed at the basolateral side with ALI-diff medium 503 

supplemented with A83-01 and neuregulin-1β (NR, 0.5 nM). After 2-4 days, cells were refreshed with ALI-diff 504 

medium only with NR and without additional A83-01 and were differentiated for 3 weeks. The apical side of the 505 

cultures was washed with PBS once per week while the medium was refreshed twice a week. Upon 3 weeks of 506 

differentiation, organoid swelling was assessed in FIS assays, similar to the 96-wells PDIO FIS assays as described 507 

above. Averages were calculated from three technical replicates derived of three biological replicates. 508 

Statistical analysis 509 

Statistical analyses were performed using GraphPad Prism®. For analysis of qPCR, One-Way ANOVAs were 510 

performed for the CF/WT/intestinal/airway groups separately to compare PDE4-subtype expression to the 511 

average expression of all PDE4 subtypes, followed by Dunnetts post-hoc analysis. For analysis of the PDE screen, 512 

a One-Way ANOVA was performed to compare swelling to DMSO control, followed by Dunnetts post-hoc 513 

analysis. Unless stated otherwise, graphs represent the average of 3 biological replicates which are obtained by 514 

averaging 3 technical replicates. To calculate statistical significance in the PDE4-screen, One-Way ANOVAs were 515 

performed per PDIO to compare compound-incuded swelling to baseline swelling, followed by Dunnetts post-516 

hoc tests. When comparing two groups to each other, unpaired two-tailed T-tests were performed.  517 
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TABLES 636 

Table 1: Overview of clinical trials with CFTR-correcting treatments in subjects expressing different CFTR mutations.  637 

For the R117H trial, only data from CF subjects aged >18 were used, because subjects aged 6 to 18 had a different mean baseline FEV1 638 

compared to those in the other trials. The numbers correlate with the numbers in Fig. 5C. NS: not significant, NA: statistical analysis not 639 

performed due to small numbers for individual mutations, RF: residual function, MF: minimal function. 640 

Treatment Genotype Absolute change in FEV1pp versus placebo  

1. VX-770 F508del/F508del 1.72 (NS)37 

2. VX-770/VX-809 F508del/MF 0.6 (NS)38 

3. VX-770 F508del/RF_splice 5.4 (NA)39 

4. VX-770 F508del/RF_missense      3.6 (NA)39 

5. VX-770/VX-809 F508del/F508del 2.8 (p<0.001)40 

6. VX-770 R117H/other 5 (p=0.01)41 

7. VX-770 S1251N/other 9 (NA)42 

 641 

Table 2: List of compounds used in this study 642 

Compound Final concentration Incubation time Manufacturer 
 

Product number 

Vinpocetine (PDE1i) 3 μΜ 24h Sigma V6383 

BAY 60-7550 (PDE2i) 3 μΜ 24h Cayman 10011135 

Milrinone (PDE3i) 3 μΜ 24h Cayman 13357 

Cilostazol (PDE3i) 3 μΜ 24h Supelco PHR1503 

Trequinsin (PDE3/4i) 3 μΜ 24h Cayman 17217 

D159687 (PDE4Di) 3 μΜ 24h MedChem Express HY-15444 

Sildenafil (PDE5i) 3 μΜ 24h MedChem Express HY-15025A 

BRL-50481 (PDE7i) 3 μΜ 24h Cayman 16899 

BAY 73-6691 (PDE9i) 3 μΜ 24h SantaCruz SC-252407 

PF-2545920 (PDE10i) 3 μΜ 24h Cayman 18266 

IBMX (panPDEi) 3 μΜ 24h Sigma I7018 

Zaprinast (panPDEi) 3 μΜ 24h Alfa Aesar J63326.MA 

apremilast 0.493  μΜ Acute Toronto Research Chemicals A729700 

cilomilast 0.493  μΜ Acute SelleckChem S1455 

piclamilast 0.493  μΜ Acute SelleckChem SML0585 

roflumilast 0.493 μΜ Acute SelleckChem S2131 
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 643 

Table 3: List of adaptations from the original 96-wells FIS assay protocol to allow 384-wells FIS screening 644 

 96-wells format, as described by 4 384-wells format, as described by 9 

1 Plates are prewarmed at 37°C prior to organoid-matrigel addition Plates are precooled at -20°C, and kept on ice during organoid-matrigel plating 

2 4 μl 50% matrigel organoid suspension is added per well as drops 10 μl 25% matrigel organoid suspension is added per well with an automatic multichannel, to 

cover the whole surface 

3 - Plate is spun down in a centrifuge to ensure matrigel coverage of the whole well surface 

4 After 10 minutes at 37°C , 50 μl medium per well is added After 10 minutes at 37°C, 8 μl medium per well is added 

5 X/Y/Z location is manually set for each well prior to image acquisition X/Y/Z is automatically set based on plate lay-out and autofocus of anchor points during image 

acquisition 

 645 

Table 4: List of primers used in this study. 646 

Primer Target Primer sequence 

PDE4A FW GTGGCTCCGGATGAGTTCTC 

PDE4A REV GGGCTGCTGTGGCTTACAG 

PDE4B FW CCGATCGCATTCAGGTCCTTCGC 

PDE4B REV TTTCCATTCCCCTCTCCCGCT 

PDE4C FW ACTCTGGAGGAGGCAGAGGAA 

PDE4C REV AGGCAACTCCAAGGCCTCTT 

PDE4D FW TGCTCAGGTCTTGGCCAGTCTGC 

rolipram 0.493 μΜ Acute SelleckChem S1430  

Valsartan 3 μΜ 24h SelleckChem S1894 

Lovastatin 3 μΜ 24h SelleckChem S2061 

Pitavastatin calcium 3 μΜ 24h SelleckChem S1759 

Alibendol 3 μΜ 24h MedChem Express  HY-B0326 

Fenspiride HCl 3 μΜ 24h TargetMoi T0383 

Mevastatin 3 μΜ 24h Cayman 10010340 

Guaifenesin 3 μΜ 24h SelleckChem S1740 

Fluvastatin Sodium  3 μΜ 24h Cayman 10010337 

Simvastatin 3 μΜ 24h Cayman 10010344 

Tamoxifen Citrate 3 μΜ 24h SelleckChem S1972 

VX-770 3 μΜ Acute SelleckChem S1144 

VX-445, VX-661, VX-809 3 μΜ 24h  SelleckChem S8851, S7059, S1565 

ELX-02ds 80 μΜ 48h MedChem Express HY-114231B 

DAP 50 μΜ 48h Gift of Fabrice Lejeune lab  

SMGi1 0.3 μΜ 24h Gift of CFF  
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PDE4D REV TCCTCCAGGGTCTCGCTGGC 

CFTR FW CAACATCTAGTGAGCAGTCAGG 

CFTR REV CCCAGGTAAGGGATGTATTGTG 

YWHAZ FW CTGGAACGGTGAAGGTGACA 

YWHAZ REV AAGGGACTTCCTGTAACAATGCA 

GAPDH FW TGCACCACCAACTGCTTAGC 

GAPDH REV GGCATGGACTGTGGTCATGAG 

 647 
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Figure 1. FDA-approved drugs increase FIS in non-homozygous F508del PDIOs
(A)         Frequency of represented CFTR muta�on types (le�) and classes (right) of the 76 PDIOs included in the primary FDA screen. (B) 
Schema�c of selec�on pipeline of forskolin concentra�on, based on residual CFTR func�on. Two PDIOs are shown as example that hold low 
(top) or low (bo�om) residual CFTR func�on resul�ng in respec�vely a high or low forskolin concentra�on during the FIS assays. (C) Schema-
�c of primary FDA screen describing PDIO pla�ng, data analysis and decision pipeline for inclusion in secondary screen. (D) The intra-assay 
CV values of all plates, based on the Z+ values of all plates. The do�ed line at 20 represent the upper limit value that indicates sufficient 
assay robustness. (E) The mean Z’-factor of all plates. The do�ed line at 0.4 indicates a robust Z’-factor. (F) Outlier percentage of all plates. 
AUC values above >Q3+(3xIQR) (=5963) of all posi�ve control wells or below Q1-(3xIQR) (=-452) of all nega�ve control wells of the plates 
with a Z’-factor >0.5, were defined as outlier. (G) Binary outcome (hit or no hit) of all wells (from le� to right) and PDIOs (from top to bo�om) 
divided over the two 384-wells plates. A well was selected as hit if the AUC was higher than the mean+3SD of the 8 nega�ve control wells 
(DMSO treated) per 384-wells plate. Wells that were defined as hit are highlighted in green. (H) Overview of AUC values of the top 30 
compound combina�ons and the three posi�ve controls in primary screen, depicted for the PDIOs in which the compound combina�on was 
defined  as hit. In the heatmap, numbers of PDIOs in which the compound combina�on was scored as hit based on AUC calcula�ons are 
stated on the le�, whereas numbers of PDIOs in which the compound combina�on was scored as hit based on visual analysis are stated on 
the right. Bars represent the means of all donors based on one technical replicate in one experiment per compound combina�on.
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Figure 2. Iden�fica�on of three main compound families that increase CFTR func�on
(A) Z-scores of secondary FIS screen of  9 PDIOs treated separately with the compounds of the top 30 compound combina�ons, based on 
one biological replicate experiment with one technical replicate. (B) The number of PDIOs in which FIS led to a Z-score above a threshold 
of 1.5 (le�) and DMSO normalized AUC values of those PDIOs in which the compound was classified as a hit (right). Compound class is 
indicated by color, dis�nguishing between PDE4 inhibitors, RTK inhibitors, CFTR modulators and compounds with a dis�nct MoA.
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Figure 3. Acute PDE4 inhibi�on increases CFTR func�on at a low nanomolar EC50
(A) Schema�c of mode of ac�on of PDE4 inhibitors, that by suppressing cAMP degrada�on, result in subsequent eleva�on of intracellular cAMP, 
PKA ac�va�on and increase of CFTR phosphoryla�on and func�on. (B) Delta-CT values obtained via RT-qPCR of the different PDE4 subtypes, 
normalized for CT values of housekeeping gene GAPDH, for WT and CF (F508del/F508del) donors in PDIOs and pa�ent-derived, differen�ated 
nasal epithelial cells. To calculate which PDE4 subtypes differed significantly from the average of all PDE subtypes, One-Way ANOVAs were 
performed for the CF/WT/intes�nal/airway samples separately, followed by Dunne�s post-hoc analysis. Significance indicated by one asterisk 
corresponds to a p-value <0.05, significance indicated by three or four asterisks correspond to p<0.005 and p<0.0001, respec�vely. Bars indicate 
the mean of three technical replicates, derived of one biological replicate with errorbars indica�ng the SD. (C) FIS levels (AUC) of 
R334W/R334W PDIOs upon treatment with a range of PDE inhibitors. To assess significance, a One-Way ANOVA was performed followed by 
Dunne�s post-hoc analysis. Significance indicated by one asterisk corresponds to a p-value <0.05, significance indicated by four asterisks corres-
ponds to a p-value <0.0001. Bars indicate the mean of three technical replicates, derived of three biological replicates with errorbars indica�ng 
the SEM. (D) Rela�ve size increase during a FIS assay over �me for R334W/R334W PDIOs upon preincuba�on or acute treatment with PDE4 
inhibitor roflumilast (RF). Dots indicate the mean of three technical replicates, derived of three biological replicates with errorbars indica�ng 
the SEM. (E) FIS levels (AUC) of R334W/R334W PDIOs, upon acute treatment of RF and VX-770 and a �tra�on range of forskolin.  Bars indicate 
the mean of three technical replicates, derived of three biological replicates with errorbars indica�ng the SEM. (F) FIS levels (AUC) of 
R334W/R334W PDIOs, upon a concentra�on range of acute s�mula�on with RF. The EC50 was calculated based on logarithmic curve-fi�ng 
using GraphPad Prism and corresponds to 65 nM. Bars indicate the mean of three technical replicates, derived of three biological replicates
with errorbars indica�ng the SEM.
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Figure 4. PDE4 inhibi�on efficacy depends on residual CFTR func�on
(A) Roflumilast, rolipram or VX-770-induced swelling (AUC) versus background (DMSO/other) induced swelling (AUC), for 14 PDIOs indica-
ted by the different colored dots. Dots indicate the mean of three technical replicates, derived of three biological replicates. (B) W1282X-
/W1282X PDIO swelling upon treatment with a panel of PDE4 inhibitors, in combina�on with ELX-02 (E), VX-445/VX-661/VX-770  (T) or 
SMG1i (S) (le�) or DAP (right). Bars indicate the mean of three technical replicates, derived of three biological replicates with errorbars 
indica�ng the SEM. (C) A heatmap of compound-induced PDIO swelling, normalized to background compounds or DMSO. To calculate 
sta�s�cal significance, One-Way ANOVAs were performed per PDIO to compare compound-incuded swelling to baseline swelling, followed 
by Dunne�s post-hoc tests. Values are the mean of three technical replicates, derived of three biological replicates and significant differen-
ces are depicted by one/two/three/four asterisks, corresponding to p-values smaller than 0.05, 0.01, 0.001 or 0.0001 respec�vely. (D) 
DMSO-corrected swelling of A445E/S1251N PDIOs upon treatment with roflumilast and a concentra�on range of forskolin. Bars indicate 
the mean of three technical replicates, derived of three biological replicates with errorbars indica�ng the SEM. (E) PDIO swelling of 107 
PDIOs, treated with roflumilast, split into a group s�mulated with low forskolin (0.128 and 0.8 μM) or high forskolin concentra�ons (5 μM). 
To compare the groups treated with 0.128/0.8 μM forskolin to the groups treated with 5 μM forskolin, an unpaired two-tailed T-test was 
performed (p=0.0013). Dots indicate one replicate, derived of one biological replicates. (F) The 19 PDIOs in which, a�er DMSO normaliza�-
on, an increase of >250 AUC was detected. Bars represent one replicate, derived of one biological replicate.
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Figure 5. Poten�al of Label Expansion of CFTR modulators for People with Rare CFTR Genotypes
(A-B) VX-770 or VX-809/VX-770 induced swelling of PDIOs at 0.128 µM forskolin for (A) PDIOs expressing a F508del muta�on on one allele and 
a rare CFTR muta�ons on the other allele and (B) PDIOs expressing two rare CFTR variants. Swelling is normalized for residual CFTR func�on 
by subtrac�on of DMSO-induced FIS. Values are based on one technical replicates, derived of one biological replicates. (C) Pearson correla�on 
of drug-corrected PDIO swelling versus lung func�on increase (FEVpp). CFTR modulator swelling was measured at 0.128 µM forskolin and 
corrected for DMSO-induced swelling and is presented per CFTR genotype group. VX-770-treated PDIOs are represented by white dots where-
as VX-809/VX-770 treated PDIOs are represented by black dots. FEV1pp versus placebo values are based on clinical trials, summarized in Table 
1. (D) Pearson correla�on of PDIO swelling upon modulator therapy (VX-770, VX-809 or VX-809/VX770) and 0.128 µM forskolin versus 5 µM
forskolin and DMSO-treated PDIOs.
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Sup. Fig. 1 Number of hits in the primary screen for each muta�on class. 
Medians and interquar�le ranges are indicated by stripes and errorbars and are based on one technical replicate derived of one
biological replicate.
Sup. Fig. 2 Pre-incuba�on with roflumilast and salbutamol results in forskolin-indepedent swelling if residual CFTR func�on is 
present
(A) PDIO swelling for two PDIOs upon treatment with salbutamol and roflumilast at different incuba�ons, preincubated for 72 hours 
or added acutely. Bars indicate the mean of three technical replicates, derived of three biological replicates. (B) PDIO lumen size for 
the PDIOs corresponding to A, upon treatment with salbutamol and roflumilast at different incuba�ons, preincubated for 72 hours 
or added acutely. Bars indicate the mean of three technical replicates, derived of three biological replicates. (C) Calcula�on of 
differences of organoid swelling (AUC) in response to 72hr pres�mula�on and acute compound treatment, divided by the lumen 
area (%) prior to FIS measurements. Data is shown for two PDIOs and four compounds, a value over 1 indica�ng that the decrease 
in AUC between 72hr and acute s�mula�on is larger than expected based on the increase of the lumen area. 
Sup. Fig. 3 Viability of PDIOs treated with the different PDE4 inhibitors
Viability was normalized to vehicle-treated nega�ve controls and and 10% DMSO treated posi�ve controls PDIOs. Bars indicate the 
mean of three technical replicates, derived of three biological replicates, with errorbars indica�ng the SEM.
Sup. Fig. 4 Cilomilast, Apremilast or Piclamliast induced swelling correlates with residual CFTR func�on
Cilomilast (le�), Apremilast (middle) or Piclamliast (right) induced swelling (AUC) versus background (DMSO/other) induced swelling 
(AUC), for 14 PDIOs indicated by the different colored dots. Dots indicate the mean of three technical replicates, derived of three
biological replicates.
Sup. Fig. 5 Compound-induced swelling of PDIOs with residual func�on and F508del/F508del-CFTR PDIOs
(A) PDIO swelling (AUC) of 8 PDIOs upon treatment with the various PDE4 inhibitors. Bars indicate the mean of three technical 
replicates, derived of three biological replicates, with errorbars indica�ng the SEM. (B) PDIO swelling (AUC) of 4 F508del/F508del 
PDIOs upon treatment with the various PDE4 inhibitors. Bars indicate the mean of three technical replicates, derived of three 
biological replicates, with errorbars indica�ng the SEM.
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