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Take home message: Forskolin-induced swelling of patient-derived intestinal organoids is associated with long-
term cystic fibrosis disease progression, expressed as FEV1pp decline and development of pancreatic

insufficiency, CF-related liver disease and CF-related diabetes.



ABSTRACT

Rationale: Cystic fibrosis (CF) is a monogenic life-shortening disease associated with highly variable individual
disease progression which is difficult to predict. Here we assessed the association of forskolin-induced swelling
(FIS) of patient-derived organoids (PDO) with long-term CF disease progression in multiple organs and

compared FIS with the golden standard biomarker sweat chloride concentration (SCC).

Methods: We retrieved 9-year longitudinal clinical data from the Dutch CF Registry of 173 people with
mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene. Individual CFTR function
was defined by FIS, measured as the relative size increase of intestinal organoids after stimulation with 0.8 uM
forskolin, quantified as area under the curve (AUC). We used linear mixed effect models and multivariable
logistic regression to estimate the association of FIS with long-term FEV1pp decline and development of
pancreatic insufficiency, CF-related liver disease and diabetes. Within these models, FIS was compared with

SCC.

Results: FIS was strongly associated with longitudinal changes of lung function, with an estimated difference in
annual FEV1pp decline of 0.32% (95%Cl: 0.11%—0.54%; p=0.004) per 1000-points change in AUC. Moreover,
increasing FIS levels were associated with lower odds of developing pancreatic insufficiency (adjusted OR: 0.18,
95%Cl: 0.07-0.46, p<0.001), CF-related liver disease (adjusted OR: 0.18, 95%Cl: 0.06—0.54, p=0.002) and

diabetes (adjusted OR: 0.34, 95%Cl: 0.12—0.97, p=0.044). These associations were absent for SCC.

Conclusion: This study exemplifies the prognostic value of a PDO-based biomarker within a clinical setting,

which is especially important for people carrying rare CFTR mutations with unclear clinical consequences.



INTRODUCTION

Clinical disease expression in people with CF (pwCF) is variable and results from a combination of genetic,
environmental and stochastic factors which are unique for each individual. CF is a recessive, monogenic disease
caused by mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene [1]. Over 2000
CFTR variants which differentially affect CFTR function and clinical phenotype have been identified until now
(http://cftr2.org). The more common mutations have been categorized into distinct classes according to the
mechanism by which CFTR function is disrupted [2]. To better understand how CFTR function contributes to
disease expression, biomarkers such as sweat chloride concentration (SCC), intestinal current measurements
(ICM) and nasal potential difference (NPD) are used to estimate individual CFTR function. These biomarkers
have mostly been validated in the context of CF diagnosis, but their ability to accurately discriminate between
pwCF with differential disease progression is limited despite clear relations at population level [3-9]. Forskolin-
induced swelling (FIS) of patient-derived intestinal organoids is an in vitro biomarker that quantifies CFTR-
dependent fluid transport into the organoid lumen [10, 11] and may provide a more precise and accurate
estimation of CFTR function compared to other biomarkers. Small proof of concept studies showed that FIS
correlates with SCC and ICM and that clinical disease phenotypes could be stratified based on FIS level [12, 13].
We hypothesized that individual CFTR function measured by FIS is associated with long-term disease
progression defined by rate of FEV1pp decline and development of co-morbidities such as pancreatic
insufficiency (Pl), CF-related liver disease (CFRLD) and CF-related diabetes (CFRD). Such an association supports
a potential role for FIS as biomarker for long-term disease progression, which is especially relevant to people

with rare, uncharacterized CFTR genotypes or CFTR genotypes with varying clinical consequences.



METHODS

Study design and population

A longitudinal cohort study was conducted in Dutch people carrying mutations in the CFTR gene who are
included in the Dutch Cystic Fibrosis Foundation Patient Registry (DCFFPR). Of all participants, intestinal
organoids were generated before January 2020 and written informed consent was obtained to use their
intestinal organoids and clinical data for the present study. This study was approved by the institutional review

board of the University Medical Center Utrecht, The Netherlands.

Study parameters

The primary outcome variable was defined as long-term lung function decline, expressed as FEV1 percent
predicted (FEV1pp), calculated according to global lung function initiative (GLI) guidelines [14]. Secondary
outcome variables were occurrence of pancreatic insufficiency (Pl), defined by fecal elastase < 200 pg/g, CF-
related liver disease (CFRLD), defined by hepatic steatosis or cirrhosis confirmed by imaging, and occurrence of
insulin-dependent CF-related diabetes (CFRD) defined by daily insulin treatment.

The primary explanatory variable of interest was forskolin induced swelling (FIS), defined by the relative size
increase of intestinal organoids after 1h stimulation with 0.8 uM forskolin, quantified as area under the curve
(AUC). Previous studies showed that discrimination between individual FIS responses was most optimal and
correlated best with other in vitro and in vivo CFTR biomarkers when FIS was performed with 0.8 uM forskolin
[11, 12]. Other included explanatory variables were: age in years at time of each lung function measurement;
treatment status at time of each lung function measurement categorized as no CFTR modulator treatment,
treatment with ivacaftor or with lumacaftor/ivacaftor; sex; sweat chloride concentration (SCC) in mmol/L; and
genotype, categorized as class |-V or unclassified, defined by genotype class of the mildest of both mutations
according to available literature (supplementary table 1 and 2). Additionally, genotypes were categorized in
groups according to the combination of the following mutation types: insertion/deletion, nonsense, missense,

splice and unknown.



Study procedures

Organoid measurements:

The generation of intestinal organoids from biopsies and subsequent fluid secretion assays (FIS-assays) were
performed according to a previously described protocol [15]. Rectal biopsies were collected at one timepoint
during the 9-year study period. The specific time-point of rectal biopsy collection varied per study participant,
but was always prior to the start of modulator therapy. FIS-assays were performed between 2014 and 2020 by
analysts who were blinded for genotype and clinical data. All FIS-assay experiments were conducted in
duplicate and for the majority of the donors at multiple culturing time points with a maximum of 7 consecutive

culture time points (n=7).

Clinical data collection:

Data on clinical study parameters were retrieved from the DCFFPR, independent of FIS-assay results. Annual
best FEV1pp values between 2010 and 2018 were used to estimate lung function decline. Treatment status at
the time of each lung function measurement was calculated based on start and stop dates of CFTR modulators
as registered in the DCFFPR. For SCC, PI, CFRLD and CFRD, we only collected the most recent value registered
before 2019 (or before CFTR modulator treatment initiation, if applicable), as repeated measurements were
unavailable or inconsistently collected. For SCC, Pl ,CFRLD and CFRD, data was missing in 59 (34.1%), 63
(36.4%), 5 (2.9%) and 3 (1.7%) participants, respectively. SCC values were mostly missing for older participants,
which may have been performed years before start of the registry in 2010 and were not archived within the

local CF centers.

Statistical analysis

The association between age and long-term lung function decline was analyzed using a linear mixed effects
model. FEV1pp was specified as outcome variable in the model, with FIS, SCC, genotype class (reference
category: unclassified), sex (reference category: male), age, CFTR modulator treatment (reference category:
none) and FIS*age as fixed effects, where the interaction term FIS*age reflected the difference in annual

FEV1pp decline by FIS level. The model included a random intercept and random slope for age per subject,



assuming a first order auto-regressive (cAR1) correlation structure. Conditional R? was calculated to assess

complete model performance and marginal R? to estimate the relative contribution of the fixed effects.

To account for selection bias towards a milder phenotype in participants surviving to an older age, a subgroup
analysis was conducted including measurements between 4-25 years, in which the relationship between age
and FEV1pp decline can reasonably be assumed to be linear in this dataset (figure 2a).

Sensitivity analyses were performed using genotype group, defined by the combination of mutation types, e.g.
insertion/deletion, nonsense, missense, splice, unknown. Genotype group was used instead of genotype class,
to assess whether the association of FIS with FEV1pp decline was influenced by categorization of genotype. To
obtain reliable effect estimates and standard errors for genotype group, groups with less than 5 participants

were excluded from this part of the analysis.

To compare the association of long-term FEV1pp decline with FIS versus SCC, four models were built which all
included FIS, SCC, genotype class, sex, age and treatment as fixed effects. A baseline model was built without
any interaction term, and the other three models were built with the addition of either the interaction term
FIS*age, SCC*age or both FIS*age and SCC*age in the model. Performance of these models was compared

using the Likelihood Ratio test.

Multilevel multiple imputation based on the method of chained equations [16] was used to handle missing SCC
data in the linear mixed effects models. All analyses were performed on 20 imputed datasets (m=20,

iterations=20) with pooling of the results.

Secondary outcomes were analyzed using multivariable logistic regression, with FIS, SCC, sex, and age at the
last study measurement as explanatory variables. Given the low proportion of outcome events within some of
the genotype classes as well as within genotype groups (defined by the combination of the mutation types on
both alleles), genotype could not be included in these analyses. In addition, CFTR modulator usage was not
included as we only collected most recent values of PI, CFRLD and CFRD before modulator initiation.

Nagelkerke’s R? was calculated to assess model performance.



Single level multiple imputation [16] was used to handle missing data of SCC, Pl and CFRD in the logistic
regression models. The analyses were performed on 20 imputed datasets (m=20, iterations=20) with pooling of

the results.

Significance levels were set at 0.05. All statistical analyses were performed with R version 4.1.1 using packages

mice, micemd, nlme and Ime4 in combination with the performance package.

RESULTS

Participant characteristics

In total, 173 participants carrying different CFTR genotypes provided written informed consent to collect
intestinal organoid data and retrieve their clinical data from the DCFFPR. Participant characteristics are
summarized in table 1. Three participants were excluded from the analysis because clinical data was not
available. No data was excluded based on organoid measurements. Classification per mutation, individual
genotypes with corresponding mutation classification and mutation group are listed in supplementary table 1

and 2, respectively.

Individual FIS responses

Individual FIS responses after 1 hour of stimulation with different forskolin concentrations are shown for all
participants in figure 1a. Between-subject variability was most apparent at 0.8 uM and 5.0 uM forskolin, but no
evident clustering was observed. Consistent with prior studies investigating relations between FIS and CF
disease or biomarkers [11, 12, 17], our analyses were performed with FIS levels upon 0.8 uM forskolin
stimulation. FIS data at 0.8 uM forskolin was skewed and highly variable among participants (median AUC
141.3, 1QR: 30.3 -1176.3 AUC, range: -268.0 —4508.8 AUC; figure 1a and supplementary figure 1a) as well as
within genotype classes (figure 1b-c) and between genotype groups, defined by the combination of the two
mutation types (supplementary figure 1b). As expected, most organoid cultures that showed residual CFTR
function (AUC>750) expressed genotypes belonging to class IlI-V (figure 1c). Surprisingly however, seven

organoid cultures expressing genotypes categorized as class |l mutation, a class for which no residual organoid



swelling upon stimulation with 0.8 uM for one hour has been previously reported [11-13], exhibited moderate

to high organoid swelling (figure 1b).

Association of long-term FEV1pp decline and FIS

In total, 1054 observations of 149 participants with available FEV1pp measurements (figure 2a) were included
in the analysis to assess the association of FIS with long-term FEV1pp decline. Linear mixed model analysis
showed that average FEV1pp decline per year of age varied with FIS level, adjusted for sex, genotype class,
CFTR modulator usage and SCC (table 2). To illustrate this association of FEV1pp decline by age with FIS, figure
2b shows that average annual FEV1pp — decline was -1.16% (95% Cl: -1.43% — -0.88%; p<0.001) per year of age
for participants with a FIS level of 0. Per 1000-points increase in AUC, FEV1pp decline was 0.32% (95% Cl: 0.11%
—0.54%; p=0.004) per year of age lower, leading to a very mild estimated FEV1pp decline of only -0.19% per
year for participants with an AUC of 3000. Model performance was excellent based on a pooled conditional R?
of 0.979 (pooled marginal R = 0.179).

The validity of these results was verified by assessing the potential impact of selection bias and confounding
with separate subgroup and sensitivity analyses. A subgroup analysis in participants between 4-25 years
showed a slightly higher average annual FEV1pp decline compared to the complete population (-1.57% per
year (95% Cl: -2.03% — -1.10%, p<0.001). Similar to the analysis in the complete cohort, FEV1pp decline varied
by FIS level with 0.49% (95% Cl: 0.03-0.96, p=0.039; supplementary table 3 and supplementary figure 2) per
1000-points change in AUC, suggesting a negligible impact of selection bias due to inclusion of people with
CFTR mutations who have a milder phenotype and survive to an older age. Since at least one CFTR mutation
was unclassified in 13.3% of participants (figure 1c, table 1 and supplementary table 1 and 2), a sensitivity
analysis was performed in which we refitted both models with genotype group instead of genotype class, to
assess whether the association of FIS with FEV1pp decline was influenced by categorization of genotype. The
association of FIS with FEV1pp decline in these models was still statistically significant, comparable to the
models categorizing genotype by mutation class (supplementary table 4).

In addition, we compared the association of FIS with FEV1pp decline versus SCC with FEV1pp decline in similar
linear mixed models. SCC alone was not significantly associated with FEV1pp decline (p=0.121; supplementary
table 5). An association with SCC was also absent (p=0.995, supplementary table 6) when combined with FIS in

the model, suggesting a stronger association of FIS with FEV1pp decline compared to SCC. These results,



however, should be interpreted with caution due to the proportion of missing SCC data and the use of multiple

imputation.

Association of CF-related co-morbidities and FIS

To investigate the association of FIS with the occurrence of other CF-related co-morbidities, we performed
multivariable logistic regression with PI, CFRLD and CFRD, adjusted for age, sex and SCC. We found a significant
association of FIS with the occurrence of Pl (adjusted OR: 0.18, 95% Cl: 0.07 — 0.46, p<0.001, Nagelkerke’s R? =
0.496), CFRLD (adjusted OR: 0.18, 95% Cl: 0.06 — 0.54, p=0.002, Nagelkerke’s R? = 0.222) and CFRD (adjusted
OR:0.34,95% Cl: 0.12 — 0.97, p=0.044, Nagelkerke’s R? = 0.195; table 3 and figure 3a-d). This indicates that the
odds was on average 5-fold lower for developing Pl and CFRLD and 3-fold lower for developing CFRD per 1000
point increase in FIS level. As illustrated in table 3 and figure 3d, age was also significantly associated with the
odds of developing CFRD (adjusted OR 1.05, 95% Cl: 1.02 — 1.08, p=0.004).

In combination with FIS, SCC was not associated with any of the CF-related co-morbidities, given the non-
significant odds ratios of 1 (table 3). Even though multiple imputation of SCC may have influenced the strength
of the associations, these results suggest that FIS is stronger associated with CF-related co-morbidities than SCC

when comparing both biomarkers within the same model.

DISCUSSION

This study shows that residual CFTR function quantified by FIS of patient-derived cystic fibrosis organoids is
associated with long-term annual FEV1pp decline and odds of developing CF-related co-morbidities PI, CFRLD
and CFRD, using 9-year longitudinal data of Dutch people with many distinct CFTR mutations and ages ranging
from 0 to 61 years old.

Despite the influence of genetic modifiers and other non-CFTR dependent environmental factors on CF disease
severity [1, 18-20], it was remarkable to observe that in vitro FIS on intestinal cells has such a broad association
with many non-intestinal organ systems. It illustrates that fluid secretion properties of CFTR in intestinal
organoids are reflective of or related to CFTR function across many tissues.

As this study aimed to characterize in vitro CFTR function of many different common and rare CFTR mutations



with FIS, the distribution of genotypes in our dataset does not correspond to the distribution of genotypes
typical for the Dutch population, in which F508del/F508del is the most common genotype. Yet it improves
generalizability of our results to the population with rare CFTR mutations for which this study is especially
relevant. In addition, rectal biopsies of the participants that have received modulator therapy were collected
prior to the start of modulator therapy, so intestinal organoid measurements were not influenced by
treatment.

Direct comparison of FIS with SCC revealed that FIS was stronger associated with long-term multi-organ disease
expression compared to SCC, which has been the most important and well-validated biomarker of CF disease
until now and is a commonly used endpoint to measure efficacy of CFTR modulating drugs [5, 6]. Although the
association with SCC could have been influenced by missing values and type of imputation method, the
difference between FIS and SCC might also be explained by a more precise and accurate estimation of CFTR
function by FIS. FIS facilitates repeated measures and is completely CFTR dependent, which reduces the impact
of technological and non-CFTR biological variability in the in vitro assay [10, 11], whereas a substantial part of
variability in SCC is caused by technical and other non-CFTR dependent biological factors [5]. Additional studies
with complete datasets including repeated measurements for more precise typing of SCC are required to
confirm these findings. Alternatively, it would be interesting to explore if novel sweat-based readouts that may

show a higher dependency on CFTR function might also lead to better correlations with clinical observations.

In addition, FIS could be compared with other biomarkers that are being used for CF diagnosis, such as NPD and
ICM. Although NPD has been used to discriminate between non-CF and CF [3, 4, 6-9] its ability to accurately
discriminate between pwCF with differential disease progression is limited. While ICM measurements are more
sensitive and have a larger dynamic range than NPD, generation of a large dataset with repeated measures is

hampered by the need for fresh rectal biopsies.

The data also suggested that FIS has additional value in the context of disease severity association beyond the
current CFTR mutation classification system. For our statistical models, we needed to prioritize one particular
mutational subclass for each CFTR mutation, which is difficult due to lack of detailed experimental data for
many rare (missense) mutations and the impact of potential multiple mechanistic defects for single mutations
[21]. This complicates studies between mutation classification and relation with disease severity. CFTR function

by FIS demonstrated a large variability in CFTR function between participants with different genotypes but also



within genotype classes. FIS may thus have the potential to help to further refine patient-based classification
systems beyond current genotype classification models. This might lead to more precise individual typing and
prediction of disease, compared to the current classification of ‘mild’ and ‘severe’ CF phenotypes [22-24] or

the CFTR2 based classification of mutations (CF-causing, varying clinical consequences, non-CF causing).

Rates of annual FEV1pp decline in this study were within the same range as reported by other recent European
studies, which also showed that annual FEV1pp decline was lower for pwCF with a ‘milder’ disease severity as
classified by genotype [25] or pancreatic status [26] and was highest in the age group between 18 and 28 years
[26]. Moreover, our results are consistent with a previous study showing a more severe CF disease phenotype
in terms of pulmonary and gastro-intestinal outcome parameters in infants with low FIS compared to infants
with high FIS [12]. In line with our observations, Davis et al. also demonstrated that SCC by itself does not

predict lung disease in pwCF [27].

In addition to the relation of FIS with disease severity, several studies already showed that average FIS
response to CFTR modulators was also correlated with short-term clinical drug response across groups with
different genotypes [11, 17] and in individuals with a variety of CFTR mutations [28]. On the other hand,
different exploratory studies did not detect an association of FIS with short-term clinical response to
lumacaftor/ivacaftor in pwCF homozygous for F508del [29] or heterozygous for the A455E mutation [30] or to
ivacaftor in people with residual CFTR-function mutations [31]. These studies also did not demonstrate
associations between FIS and biomarkers of CFTR function (NPD, SCC and ICM) [29] or FIS and SCC [30, 31], and
no relations between any biomarker of CFTR function and clinical response. Also, treatment magnitude at
group level was absent [29, 30] or limited [31], suggesting that the relative impact of CFTR-dependent factors
over non-CFTR dependent factors to between-patient variations was lower as compared to the study of Berkers
et al [28]. This generally lowers the ability of FIS or any individual outcome to correlate after a CFTR modulator
treatment. Further research in larger study populations is therefore warranted to study the association of
changes in FIS or other biomarkers of CFTR function with long-term clinical effects upon CFTR modulator
therapy in homogeneous and heterogeneous populations with CF.

An important limitation of this research is the retrospective observational study design. We adjusted for
several confounders, but were unable to account for other prognostic factors such as pulmonary exacerbations

and sputum cultures. As 34% of SCC values was missing, we used multiple imputation methods to prevent bias



due to selective missing data, but this may still have influenced the associations with SCC and its comparison
with FIS. Potential impact of survival bias was minimized by our subgroup and sensitivity analyses, but could
not completely be excluded. Additional prospective studies should be performed to confirm the predictive
value of FIS in comparison with other biomarkers such as SCC, NPD and ICM, yet our findings are in line with
previous work that already demonstrated the potential of FIS as biomarker of CF disease.

In summary, this study showed that FIS of cystic fibrosis intestinal organoids is strongly associated with long-
term FEV1pp decline and odds of developing different CF-related co-morbidities, suggesting that estimation of
CFTR function by FIS could have important prognostic value for individual disease expression of multiple,

critical organs that are affected by CF.
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TABLES

Table 1. Participant characteristics

N=173

Age, median (IQR) 19.5 (9.5-30.5)

Sex, n (%)
Male 87 (50.3)
Female 86 (49.7)

Mutation class, n (%)

Class | 15 (8.7)
Class Il 91 (52.5)
Class 1l 11 (6.4)
Class IV 10 (5.8)
Class V 23 (13.3)
Unclassified 23 (13.3)

CFTR modulator usage, n (%)

Ivacaftor 16 (9.2)
Lumacaftor/ivacaftor 8 (4.6)

FIS, median (IQR) 141.3 (30.3-1176.3)
SCC, mean (SD) 92.6 (25.9)

Missing values, n (%) 59 (34.1)

FEV1pp, mean (SD) 75.9 (23.2)

Pancreatic function, n (%)

Insufficient (fecal elastase <200 ug/g) 75 (43.4)
Sufficient (fecal elastase =200 ug/g) 35(20.2)
Missing values 63 (36.4)
CF-related liver disease, n (%) 44 (25.4)
Missing values 5(2.9)

CF-related diabetes, n (%) 25 (14.5)
Missing values 3(1.7)

Age in years. Genotype: genotype class of the mildest of both mutations. FIS: Forskolin induced swelling, defined
as the relative size increase of intestinal organoids (AUC) after 1h stimulation with 0.8 umol/L forskolin. SCC:

Sweat chloride concentration in mmol/L. FEV1pp: Forced expiratory volume in 1 second, percent predicted.



Table 2. Association of FIS with FEV1pp decline

Regression coefficients of linear mixed effects model for FEV1pp.

N=149, obs=1054 Coefficient (95% Cl) P-value
Age -1.16 (-1.43 —-0.88) <0.001*
FIS -2.47 (-8.92 — 3.99) 0.454
FIS*age 0.32(0.11-0.54) 0.004*
Treatment

- none Reference category

- ivacaftor 7.99 (4.58 — 11.40) <0.001*
- lumacaftor/ivacaftor -3.83 (-8.28 —-0.62) 0.092
Sex

- male Reference category

- female -0.96 (-7.00 — 5.08) 0.754
Genotype class

- unclassified Reference category

- class | 0.18 (-13.92 - 14.27) 0.980

- class Il 5.13(-5.76 — 16.01) 0.356

- class Il 10.25 (-3.79 — 24.28) 0.152

- class IV 11.01 (-5.36 - 27.38) 0.187

- class V -2.31(-16.95-12.33) 0.757
SCC -0.09 (-0.25 - 0.06) 0.239

FEV1pp: Forced expiratory volume in 1 second, percent predicted. Age in years. FIS: Forskolin-induced swelling,
defined as the relative size increase of intestinal organoids (AUC) after 1h stimulation with 0.8 uMy/L forskolin,
coefficient scaled 1:1000 AUC. SCC: Sweat chloride concentration in mmol/L. FIS*age indicates the difference in
annual FEV1pp decline per 1000 AUC change in FIS level. Genotype class: CFTR protein function class of the
mildest of both CFTR mutations. Pooled conditional R? = 0.979, marginal R? = 0.179. *Significance level P < 0.05.



Table 3. Association of FIS with CF-related co-morbidities
Adjusted odds ratios of multivariable logistic regression for pancreatic insufficiency, CF-related diabetes and

CF-related liver disease.

N=170 Pancreatic insufficiency CF-related liver disease CF-related diabetes

Odds ratio (95% ClI) | P-value | Odds ratio (95% Cl) | P-value | Odds ratio (95% Cl) | P-value

FIS 0.18 (0.07 — 0.46) <0.001* | 0.18 (0.06 —0.54) 0.002* | 0.34(0.12-0.97) 0.044*
Age 0.98 (0.93-1.02) 0.300 1.02 (0.99 - 1.05) 0.229 1.05 (1.02 - 1.08) 0.004*
Sex

- male Reference category Reference category Reference category

-female | 0.46(0.14 —-1.46) 0.181 0.68 (0.32 —1.44) 0.313 2.08 (0.81-5.37) 0.127

SCC 1.00 (0.97 - 1.04) 0.944 1.00 (0.98 -1.02) 0.913 1.00 (0.97 — 1.04) 0.838

FIS: Forskolin-induced swelling, defined as the relative size increase of intestinal organoids (AUC) after 1h
stimulation with 0.8 uM forskolin, coefficients scaled 1:1000 AUC. Age in years. SCC: sweat chloride
concentration in mmol/L. Nagelkerke’s R? pancreatic insufficiency = 0.496, CF-related liver disease = 0.223, CF-

related diabetes = 0.195. * Significance level P < 0.05.




FIGURE LEGENDS

Figure 1. Forskolin-induced swelling (FIS) levels of organoids derived from the 173 study participants.

a) FIS levels, defined by relative size increase of intestinal organoids after 1h stimulation with four ascending
forskolin concentrations, quantified as area under the curve (AUC). Each line represents swelling of organoids
of individual study participants. Each data point (black dot) represents mean AUC of both technical (n=2) and
biological replicates (ranging from n=1 to n=7). b) Waterfall plots of FIS responses at 0.8 uM forskolin
(highlighted by the green box) of all study participants grouped based on mutation class | or Il or ¢c) mutation
class IlI-V or unclassified. Genotypes are categorized into one mutation class based on the mildest mutation
class of the two alleles. Bars represent mean+SD of all replicates. The numbers on the x-axes represent

participant number, whereas corresponding genotypes are specified in supplementary table 2.

Figure 2. Association of FIS with long-term FEV1pp decline.

a) Individual FEV1pp trajectories of study participants over time in years. Black lines represent individual
observed FEV1pp trajectories, whereas the blue lines represent estimated average annual FEV1pp slope per
individual. b) Predicted FEV1pp decline based on linear mixed effects model coefficients in table 2, illustrating
the association between different levels of residual CFTR function and long-term FEV1pp decline. Analysis was
performed with FIS as continuous variable, yet for illustrative purposes predicted FEV1pp decline is plotted by
steps of 1000 AUC. Average predicted annual FEV1pp decline per 1000 AUC is specified on the right. The lower
limit of the x-axis was set at 4 years, because the feasibility and generalizability of ppFEV1 measurements is

limited for younger children. Pooled conditional R? = 0.977, marginal R =0.179.

Figure 3. Association of FIS with CF-related comorbidities.

Association between residual CFTR function (illustrated by steps of 1000 AUC) and probability of developing
pancreatic insufficiency (Pl) (a), CF-related liver disease (CFRLD) (b) and CF-related diabetes (CFRD) (c). In
addition to FIS, age is also associated with probability of developing CFRD (d). Nagelkerke’s R2: Pl = 0. 496,

CFRLD =0.223, CFRD = 0.195.
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SUPPLEMENTARY MATERIAL

Supplementary table 1. Classification of mutations.

variant variant variant Classification | mutation | CFTR2 CFTR1 reference to original report | Rationale for classification
c¢DNA name | protein name | legacy [REF] type
name
c.948delT p.Phe316Lleuf | 1078delT || Ins/del This variant causes CF when combined [1] Class | CFTR protein synthesis defect based
sX12 with another CF-causing variant. This on sequence analysis (frameshift leading to
variant causes pancreatic insufficiency downstream PTC) that affects a critical part
when combined with another variant of the protein and is associated with PI-CF
that causes pancreatic insufficiency. [2].
¢.1006_100 | p.lle336Serfs | 1138insG | | Ins/del This variant causes CF when combined CFTR1 reference [3]: Schwarz M, | Class | CFTR protein synthesis defect based
7insG X28 with another CF-causing variant. This Malone G, Super M 1992-03-16 on sequence analysis (frameshift leading to
variant causes pancreatic insufficiency (reference not found on downstream PTC) that affects a critical part
when combined with another variant Pubmed). of the protein and is associated with PI-CF in
that causes pancreatic insufficiency. CFTR2.
c.1210- No protein 1342- Splice Not described in CFTR2. CFTR 1 reference [3]: Huang Q, Class | CFTR protein synthesis defect based
1delG name 1delG Yuan XW, Zielenski J 2008-07-11 | on sequence analysis (a splice site mutation
(reference not found on that affects an invariant splice site sequence
Pubmed). (+1,+2, -1,-2), leading to inproper splicing of
the intron-exon boundary). Although no
disease classification is present in CFTR2, we
classify invariant splice site sequence
variations as class | defects due to the critical
impact of invariant splice mutations on
splicing. This variant is described in CFTR1,
but variant cDNA name and legacy name
show no hits in Pubmed in the context of CF.
€.1211delG | p.Gly404Aspf | 1343delG || Ins/del This variant causes CF when combined Not described in CFTR1 [3]. Class | CFTR protein synthesis defect based
sX38 with another CF-causing variant. This on sequence analysis (frameshift leading to
variant causes pancreatic insufficiency downstream PTC) that affects a critical part
when combined with another variant of the protein and is associated with PI-CF
that causes pancreatic insufficiency. [4].
€.1545_154 | p.Tyr515X 1677delT || Ins/del This variant causes CF when combined [5] Class | CFTR protein synthesis defect based
6delTA A with another CF-causing variant. This on sequence analysis (frameshift leading to
variant causes pancreatic insufficiency downstream PTC) that affects a critical part
when combined with another variant of the protein and is associated with PI-CF
that causes pancreatic insufficiency. [2].




c.1585- No protein 1717-1G- Splice This variant causes CF when combined [6] Class | CFTR protein synthesis defect based
1G>A name >A with another CF-causing variant. This on sequence analysis (frameshift leading to
variant causes pancreatic insufficiency downstream PTC) that affects a critical part
when combined with another variant of the protein and is associated with PI-CF
that causes pancreatic insufficiency. [2].
c.1679+1G | No protein 1811+1G- Splice This variant causes CF when combined [7] Class | CFTR protein synthesis defect based
>C name >C with another CF-causing variant. This on sequence analysis (a splice site mutation
variant causes pancreatic insufficiency that affects an invariant splice site sequence,
when combined with another variant leading to inproper splicing of the intron-
that causes pancreatic insufficiency. exon boundary) associated with PI-CF [6].
c.1680- No protein 1812-1G- Splice This variant causes CF when combined [8] Class | CFTR protein synthesis defect based
1G>A name >A with another CF-causing variant. This on sequence analysis (a splice site mutation
variant causes pancreatic insufficiency that affects an invariant splice site sequence,
when combined with another variant leading to inproper splicing of the intron-
that causes pancreatic insufficiency. exon boundary) associated with PI-CF [2].
c.1681 168 | p.Val562Serfs | 1813insC Ins/del Not described in CFTR2. CFTR1 reference [3]: Scheffer H, | Class | CFTR protein synthesis defect based
2insC X6 Wu'Y, Hofstra R, Looman M, Buys | on sequence analysis (frameshift leading to
C 1996-10-23 (reference not downstream PTC) that affects a critical part
found on Pubmed). of the protein.
c.1766+5G | No protein 1898+5G- Splice This variant causes CF when combined [9] Class V splice mutation associated with
>T name >T with another CF-causing variant. 67% reduced wild type CFTR function based on
(N=4) of patients in CFTR2 who have this sequence analysis (intronic variant outside
variant are pancreatic insufficient. invariant splice site) and associated with
some PS-CF [9].
€.1911delG | p.GIn637Hisfs | 2043delG Ins/del This variant causes CF when combined [10] Class | CFTR protein synthesis defect based
X26 with another CF-causing variant. This on sequence analysis (frameshift leading to
variant causes pancreatic insufficiency downstream PTC) that affects a critical part
when combined with another variant of the protein and is associated with PI-CF in
that causes pancreatic insufficiency. CFTR2.
€.2051_205 | p.Lys684Serfs | 2183AA- ins/del This variant causes CF when combined CFTR1 reference [3]: Leoni GB, Class | CFTR protein synthesis defect based
2delAAinsG | X38 >G with another CF-causing variant. This Rosatelli MC, Cao A 1994-01-13 on sequence analysis (frameshift leading to

variant causes pancreatic insufficiency
when combined with another variant
that causes pancreatic insufficiency.

(reference not found on
pubmed).

downstream PTC) that affects a critical part
of the protein and is associated with PI-CF
[2, 11].




c.2052delA | p.Lys684Asnf | 2184delA Ins/del This variant causes CF when combined [12] Class | CFTR protein synthesis defect based
sX38 with another CF-causing variant. This on sequence analysis (frameshift leading to

variant causes pancreatic insufficiency downstream PTC) that affects a critical part
when combined with another variant of the protein and is associated with PI-CF
that causes pancreatic insufficiency. [2].

€.2052_205 | p.GIn685Thrf | 2184insA Ins/del This variant causes CF when combined CFTR1 reference [3]: Kalin N, Class | CFTR protein synthesis defect based

3insA sX4 with another CF-causing variant. This Dork T, Tummler B 1992-01-02 on sequence analysis (frameshift leading to
variant causes pancreatic insufficiency (reference not found on downstream PTC) that affects a critical part
when combined with another variant Pubmed). of the protein and is associated with PI-CF
that causes pancreatic insufficiency. [2,13].

€.2657+5G | No protein 2789+5G- Splice This variant causes CF when combined [14] Class V splice mutation associated with

>A name >A with another CF-causing variant. Patients reduced wild type CFTR function based on
with CF who have this variant are likely to sequence analysis (intronic variant outside
be pancreatic sufficient. invariant splice site) and associated with PS-

CF [2, 14].

€.2988+1G | No protein 3120+1G- Splice This variant causes CF when combined [15] Class | CFTR protein synthesis defect based

>A name >A with another CF-causing variant. This on sequence analysis (a splice site mutation
variant causes pancreatic insufficiency that affects an invariant splice site sequence,
when combined with another variant leading to inproper splicing of the intron-
that causes pancreatic insufficiency. exon boundary) associated with PI-CF [2].

c.3140- No protein 3272- Splice This variant causes CF when combined [10] Class V splice mutation associated with

26A>G name 26A->G with another CF-causing variant. Patients reduced wild type CFTR function based on
with CF who have this variant are likely to sequence analysis (intronic variant outside
be pancreatic sufficient. invariant splice site) and associated with PS-

CF [2].
€.233_234i | p.Trp79Leufs | 365- Ins/del This variant causes CF when combined CFTR1 reference [3]: Claustres M, | Class | CFTR protein synthesis defect based
nsT X32 366insT with another CF-causing variant. This Altieri JP, Guittard C 2004-09-23 | on sequence analysis (frameshift leading to

variant causes pancreatic insufficiency
when combined with another variant
that causes pancreatic insufficiency.

(reference not found on
Pubmed).

downstream PTC) that affects a critical part
of the protein and is associated with PI-CF in
CFTR2.




c.3528delC | p.Lys1177Ser |3659delC || Ins/del This variant causes CF when combined [6] Class | CFTR protein synthesis defect based
fsX15 with another CF-causing variant. This on sequence analysis (frameshift leading to
variant causes pancreatic insufficiency downstream PTC) that affects a critical part
when combined with another variant of the protein and is associated with PI-CF
that causes pancreatic insufficiency. [2].
c.3717+121 | No protein 3849+10k | V Splice This variant causes CF when combined [16] Class V splice mutation associated with
91C>T name bC->T with another CF-causing variant. Patients reduced wild type CFTR function based on
with CF who have this variant are likely to sequence analysis (intronic variant outside
be pancreatic sufficient. invariant splice site) and associated with PS-
CF [2].
c.3717+5G | No protein 3849+5G- | Unclassified | Splice Not described in CFTR2. Not described in CFTR1 [3]. Splice mutation that is difficult to classify
>T name >T due to lack of data on residual CFTR
function. This variant is outside the invariant
splice site and likely associated with limited
wild type CFTR function (class V), but this
cannot be verified as the variant cDNA
name, protein name and legacy name show
no hits in Pubmed in the context of CF. The
mutation is also not described in CFTR1 or
CFTR2.
¢.3773_377 | p.Leu1258Ph | 3905insT || Ins/del This variant causes CF when combined CFTR1 reference [3]: Malik N, Class | CFTR protein synthesis defect based
4insT efsX7 with another CF-causing variant. This Hofmann S, Bosch-Al Jadooa N, on sequence analysis (frameshift leading to
variant causes pancreatic insufficiency Rutishauser M, Buhler E 1991-07- | downstream PTC) that affects a critical part
when combined with another variant 30 (reference not found on of the protein and is associated with PI-CF
that causes pancreatic insufficiency. pubmed). [2].
€.262_263d | p.Leu88llefsX | 394delTT || Ins/del This variant causes CF when combined [17] Class | CFTR protein synthesis defect based
elTT 22 with another CF-causing variant. This on sequence analysis (frameshift leading to

variant causes pancreatic insufficiency
when combined with another variant
that causes pancreatic insufficiency.

downstream PTC) that affects a critical part
of the protein and is associated with PI-CF
[2].




c.3884 388 | p.Ser1297Ph | 4016insT Ins/del This variant causes CF when combined [18] Class | CFTR protein synthesis defect based
5insT efsX5 with another CF-causing variant. This on sequence analysis (frameshift leading to
variant causes pancreatic insufficiency downstream PTC) that affect a critical part of
when combined with another variant the protein and is associated with PI-CF [2].
that causes pancreatic insufficiency.
c.4242+2T> | No protein 4374+2T- Splice Not described in CFTR2. CFTR1 reports 2 patients with Class | CFTR protein synthesis defect based
C name >C suspected CF [3], unpublished. on sequence analysis (a splice site mutation
that affects an invariant splice site sequence
(+1,+2, -1,-2), leading to inproper splicing of
the intron-exon boundary). Although no
disease classification is present in CFTR2, we
classify invariant splice site sequence
variations as class | defects due to the critical
impact of invariant splice mutations on
splicing. The variant cDNA name, protein
name and legacy name show no hits in
Pubmed in the context of CF.
c.4251delA | p.Glu1418Arg | 4382delA Ins/del This variant causes CF when combined [19] Class V mutation caused by a premature
fsX14 with another CF-causing variant. Patients stop in the late C-terminus of the CFTR
with CF who have this variant are likely to protein that is associated with residual CFTR
be pancreatic sufficient. function as evident by PS-CF status [2].
c.1210- No protein 5T;TG13 Splice This variant has varying consequences. Not described in CFTR1 [3]. class V splice mutation based on sequence
33_1210- name Some patients with this variant has CF, analysis (outside of the invariant splice
6GT[13]T[4 when combined with another CF-causing sequence domain (+1,+2, -1,-2)) that affects
] variant. Other patients with this variant expression level of wild type CFTR [20].
do not have CF when combined with Associated with high residual CFTR function
another CF-causing variant. Patients with in intestinal organoids [21]. Varying clinical
CF who have this variant are likely to be consequences are described in CFTR2 and
pancreatic sufficient. following studies [22—-24].
c.579+1G> | No protein 711+1G- Splice This variant causes CF when combined [25] Class | CFTR protein synthesis defect based
T name >T with another CF-causing variant. This on sequence analysis (a splice site mutation

variant causes pancreatic insufficiency
when combined with another variant
that causes pancreatic insufficiency.

that affects an invariant splice site sequence,
leading to inproper splicing of the intron-
exon boundary) and associated with PI-CF
(2].




that causes pancreatic insufficiency.

c.1364C>A | p.Ala455Glu | A455E Il Missense | This variant causes CF when combined [6] Class Il trafficking defect associated with
with another CF-causing variant. Patients normal B band and low C band, but
with CF who have this variant are likely to classification is complex based on multiple
be pancreatic sufficient. observations. A445E shows comparable
single channel characteristics as wild type
CFTR [26] but strongly reduced C-band upon
expression in heterologous expression
systems and in primary epithelial CF cells,
yet more C band when compared to F508del
[2, 27, 28]. AA55E is also responsive to
VX809 or other correctors, and to
potentiators [28, 29]. Based on these data,
we classified the primary defect as a class Il
processing defect.
c.137C>A p.Alad6Asp A46D Il Missense | This variant causes CF when combined [30] Class Il trafficking defect based on low C
with another CF-causing variant. band in FRT cells and no response to
Insufficient data on pancreatic status. ivacaftor [28].
c.(1584+1_ | No protein CFTRdele |1 Ins/del This variant causes CF when combined [31] Class | CFTR protein synthesis defect based
1585- name 11 with another CF-causing variant. This on DNA sequence analysis (large genetic
1)_(1679+1 variant causes pancreatic insufficiency deletion) associated with PI-CF in CFTR2.
_1680- when combined with another variant
1)del that causes pancreatic insufficiency.
c.(2988+1_ | No protein CFTRdele |1 Ins/del This variant causes CF when combined Not described in CFTR1 [3]. Class | CFTR protein synthesis defect based
2989- name 17a,17b with another CF-causing variant. This on DNA sequence analysis (large genetic
1) (3367+1 variant causes pancreatic insufficiency deletion) associated with PI-CF [2, 32].
~3368- when combined with another variant
1)del that causes pancreatic insufficiency.
No cDNA No protein CFTRdele |1 Ins/del Not described in CFTR2. Not described in CFTR1 [3]. Class | CFTR protein synthesis defect based
name name 19,20 on DNA sequence analysis (large genetic
deletion) associated with PI-CF [33].
c.54- p.Ser18Argfs | CFTRdele || Ins/del This variant causes CF when combined [34] Class | CFTR protein synthesis defect based
5940 273+ | X16 2,3 with another CF-causing variant. This on DNA sequence analysis (large genetic
10250del2 variant causes pancreatic insufficiency deletion and downstream in frame PTC)
1kb when combined with another variant associated with PI-CF [2].




€.3454G>C | p.Asp1152His | D1152H | IV Missense | This variant has varying consequences. [35] Class IV mutation associated with altered
Some patients with this variant has CF, pore function. D1152H is associated with a
when combined with another CF-causing selective bicarbonate defective (CFTRBD)
variant. Other patients with this variant conductance [2, 36].
do not have CF when combined with
another CF-causing variant. Patients with
CF who have this variant are likely to be
pancreatic sufficient.
c.178G>T p.Glub0X E60X Nonsense | This variant causes CF when combined CFTR1 reference [3]: Malone G, Class | CFTR protein synthesis defect based
with another CF-causing variant. This Schwarz M, Super M 1991-11-22 | on sequence analysis (introduced PTC) that
variant causes pancreatic insufficiency (reference not available for full affects a critical part of the protein and is
when combined with another variant access). associated with PI-CF [2].
that causes pancreatic insufficiency.
€.2188G>T | p.Glu730X E730X Nonsense | Not described in CFTR2. [37] Class | CFTR protein synthesis defect based
on sequence analysis (introduced PTC) that
affects a critical part of the protein.
c.274G>A p.Glu92Lys E92K Il Missense | This variant causes CF when combined [38] Class Il trafficking defect associated with
with another CF-causing variant. 44% strongly reduced CFTR maturation (C band)
(N=17) of patients in CFTR2 who have in heterologous cells systems [39, 40], and
this variant are pancreatic insufficient. no response to ivacaftor [28]. Strong rescue
by VX809 [2, 41].
c.1521 152 | p.Phe508del | F508del Il Ins/del This variant causes CF when combined [42-44] A class Il trafficking defect associated with
3delCTT with another CF-causing variant. This strongly reduced CFTR maturation (c band)
variant causes pancreatic insufficiency in heterologous and primary cells systems
when combined with another variant which is considered dominant over
that causes pancreatic insufficiency. additional defects that lower gating and
surface retention([29, 39, 40, 45], associated
with PI-CF [2].
€.3745G>A | p.Gly1249Arg | G1249R | Unclassified | Missense | This variant causes CF when combined [46] Organoids from G1249R/F508del showed

with another CF-causing variant. 57%
(N=4) of patients in CFTR2 who have this
variant are pancreatic insufficient.

prominent in vitro response to VX770 and
not VX809, and clinical response to
treatment with ivacaftor was observed [21].
Itis likely a gating mutation based on
ivacaftor sensitivity, but it might also have
class IV defects. No papers could be found
which experimentally characterize protein
function. We therefore categorized this




mutation as unclassified.

c.532G>A p.Glyl78Arg | G178R I Missense | This variant causes CF when combined [25] Ivacaftor responsive gating mutation
with another CF-causing variant. 75% associated with normal C band expression in
(N=57) of patients in CFTR2 who have heterologous expression models [47] and
this variant are pancreatic insufficient. associated with PI-CF [2].
c.1381G>A | p.Gly461Arg | G461R Unclassified Missense | Not described in CFTR2. Not described in CFTR1 [3]. F508del/G461R shows response to ivacaftor
therapy both in vitro (organoids) and in vivo
[48], however no papers have been
published that experimentally characterize
CFTR-protein. We therefore categorized this
mutation as unclassified.
c.1624G>T | p.Gly542X G542X Nonsense | This variant causes CF when combined [6] Class | CFTR protein synthesis defect based
with another CF-causing variant. This on sequence analysis (introduced PTC) that
variant causes pancreatic insufficiency affects a critical part of the protein and is
when combined with another variant associated with PI-CF [2].
that causes pancreatic insufficiency.
c.1648G>T | p.Gly550X G550X Nonsense | This variant causes CF when combined CFTR1 reference [3]: Deiman C, Class | CFTR protein synthesis defect based
with another CF-causing variant. This Deelan W, Halley D 1992-02-25 on sequence analysis (introduced PTC) that
variant causes pancreatic insufficiency (reference not found on Pubmed) | affects a critical part of the protein and is
when combined with another variant associated with PI-CF.
that causes pancreatic insufficiency.
c.1882G>A | p.Gly628Arg | G628R Il Missense | This variant causes CF when combined [10] Class Il trafficking defect associated with
with another CF-causing variant. Patients strongly reduced C band expression in
with CF who have this variant are likely to heterologous expression model and rescue
be pancreatic sufficient. by the corrector miglustat [49]. Based on
these results we have classified this
mutation as class II.
€.254G>A p.Gly85Glu G85E Il Missense | This variant causes CF when combined [25] Class Il trafficking defect associated with

with another CF-causing variant. This
variant causes pancreatic insufficiency
when combined with another variant
that causes pancreatic insufficiency.

strongly reduced C band expression in
heterologous expression model and no
response to ivacaftor [2, 28].




€.2908G>C | p.Gly970Arg | G970R Splice This variant causes CF when combined [37] Fidler et al. showed that the G>C change in
with another CF-causing variant. This the last position of the canonical 5' splice
variant causes pancreatic insufficiency donor site of exon 17 weakens the likelihood
when combined with another variant that this position will be recognized as a
that causes pancreatic insufficiency. splice donor site and showed evidence that
the G970R mutation must be reclassified
primarily as a splice mutation [50], in
contrast with previous work suggesting a
gating defect [51].
c.3080T>C | p.lle1027Thr |11027T Unclassified Missense | This variant does not cause CF when [10] Non-CF causing polymorphism that was
combined with another CF-causing present here in cis with F508del which
variant. There may patients in the CFTR2 designated the complex allele as class Il [2].
database with this variant who have CF,
but this variant is not the cause of their
CF.
c.1007T>A | p.lle336Lys 1336K Il Missense | This variant causes CF when combined [37] Class Il trafficking defect associated with
with another CF-causing variant. Patients strongly reduced C band expression in
with CF who have this variant are likely to heterologous expression model and no
be pancreatic sufficient. response to ivacaftor [2, 28].
c.1519 152 | p.lle507del 1507del Il Ins/del This variant causes CF when combined [52] Class Il trafficking defect associated with
1delATC with another CF-causing variant. This strongly reduced C band expression in
variant causes pancreatic insufficiency heterologous expression model [2, 53].
when combined with another variant
that causes pancreatic insufficiency.
No cDNA No protein IVS11- Splice Not described in CFTR2. Not described in CFTR1 [3]. Class | CFTR protein synthesis defect based
name name 1G->C on sequence analysis (a splice site mutation
that affects an invariant splice site sequence,
leading to inproper splicing of the intron-
exon boundary).
No cDNA p.Leu1034Pro | L1034P Unclassified | Missense | Not described in CFTR2. Not described in CFTR1 [3]. Unclassified. Variant cDONA name, protein
name name and legacy name show no hits in
Pubmed in the context of CF. The mutation
is also not described in CFTR1 or CFTR2.
c.4004T>C | p.Leu1335Pro | L1335P Unclassified Missense | This variant causes CF when combined CFTR1 reference [3]: Zielenski J, Unclassified. Mutation is listed as responsive

with another CF-causing variant. 61%
(N=11) of patients in CFTR2 who have
this variant are pancreatic insufficient.

Tzountzouris J, Tsui L-C 1997-08-
12 (reference not found on
pubmed)

to symdeko or trikafta (www.symdeko.com
or www.trikafta.com).




c.617T>G p.Leu206Trp | L206W Il Missense | This variant causes CF when combined [19] Class Il trafficking defect associated with
with another CF-causing variant. Patients strongly reduced C band expression in
with CF who have this variant are likely to heterologous expression model and no
be pancreatic sufficient. response to ivacaftor [2, 28].
€.2195T>G | p.Leu732X L732X Nonsense | This variant causes CF when combined CFTR1 reference [3]: Malone G, Class | CFTR protein synthesis defect based
with another CF-causing variant. This Haworth A, Schwartz M 1994-10- | on sequence analysis (introduced PTC) that
variant causes pancreatic insufficiency 05 (reference not available for affects a critical part of the protein and is
when combined with another variant full access) associated with PI-CF [2].
that causes pancreatic insufficiency.
c.2780T>C | p.Leu927Pro | L927P Unclassified Missense | This variant causes CF when combined [54] Unclassified. L927P may cause cystic fibrosis
with another CF-causing variant. This by interfering with conformational changes
variant causes pancreatic insufficiency necessary for channel opening [55]. The
when combined with another variant surface expression level of the L927P mutant
that causes pancreatic insufficiency. is 43% that of the wild-type protein, but its
channel activity is only 0.1% [28]. Others
reported a normal protein expression [2].
€.3909C>G | p.Asn1303Lys | N1303K |1l Missense | This variant causes CF when combined [56] Class Il trafficking defect associated with
with another CF-causing variant. This strongly reduced C band expression in both
variant causes pancreatic insufficiency heterologous and primary CF cells [29, 57]. It
when combined with another variant does not or hardly responds to ivacaftor or
that causes pancreatic insufficiency. lumacaftor alone or in combination, but
responds to VX-445 [2, 58].
c.4046delG | p.Gly1349Ala | No legacy | Unclassified Ins/del Not described in CFTR2. Not described in CFTR1 [3]. CFTR protein synthesis defect, but due to
fsX5 name the late position of the stopcodon it is
unclear whether the resulting protein has
some associated function.
c.4243- No protein No legacy | Unclassified | Splice Not described in CFTR2. CFTR1 reports obstructive lung Variant cDNA name, protein name and
3T>A name name function, bronciectasis and legacy name show no hits in Pubmed in the
infections. Pancreatic sufficiency, | context of CF. The mutation is also not
no liver abnormalities, elevated described in CFTR2. It is unclear whether the
sweat chloride level [3], but splice defect can be classified as class | or V.
unpublished.
No cDNA p.GIn1012Pro | Q1012P Unclassified Missense | Not described in CFTR2. Not described in CFTR1 [3]. Unclassified. Variant cDNA name, protein
name name and legacy name show no hits in

Pubmed in the context of CF. The mutation
is also not described in CFTR1 or CFTR2.




c.1477C>T | p.GIn493X Q493X Nonsense | This variant causes CF when combined [6] Class | CFTR protein synthesis defect based
with another CF-causing variant. This on sequence analysis (introduced PTC) that
variant causes pancreatic insufficiency affects a critical part of the protein and is
when combined with another variant associated with PI-CF [2].
that causes pancreatic insufficiency.
c.3196C>T | p.Argl066Cys | R1066C Il Missense | This variant causes CF when combined [10] Class Il trafficking defect associated with
with another CF-causing variant. This strongly reduced C band expression in
variant causes pancreatic insufficiency heterologous cell expression systems and no
when combined with another variant response to ivacaftor [2, 28, 59].
that causes pancreatic insufficiency.
€.3197G>A | p.Argl066His | R1066H |l Missense | This variant causes CF when combined [60] Class Il trafficking defect associated with
with another CF-causing variant. This strongly reduced C band expression in
variant causes pancreatic insufficiency heterologous cell expression systems and no
when combined with another variant response to ivacaftor [2, 28].
that causes pancreatic insufficiency.
€.3484C>T | p.Argll62X R1162X | Nonsense | This variant causes CF when combined [61] Class | CFTR protein synthesis defect based
with another CF-causing variant. This on sequence analysis (introduced PTC) that
variant causes pancreatic insufficiency affects a critical part of the protein and is
when combined with another variant associated with PI-CF [2].
that causes pancreatic insufficiency.
c.350G>A | p.Argll7His |R117H \% Missense | This variant has varying consequences. [62] R117H is associated with altered
Some patients with this variant have CF, conductance properties and was originally
when combined with another CF-causing classified as class IV [63]. It is a complex
variant. Other patients with this variant allele associated with a intronic polyT tract
do not have CF when combined with (5T, 7T or 97T) that affects splicing efficiency
another CF-causing variant. Patients with which associates with disease severity (class
CF who have this variant are likely to be V). Others have also reported trafficking
pancreatic sufficient. defects [64] or gating defects [65]. C-band
expression in heterologous systems is mostly
reflective of wt CFTR. R117H shows acute
responsiveness to ivacaftor in heterologous
systems and primary cells but only limited
response to correctors [21]. For this study,
we retain the original classification of R117H
as class IV mutation [2].
c.4074A>T | p.Arg1358Ser | R1358S Unclassified Missense | Not described in CFTR2. CFTR1 reference [3]: Férec C Unclassified. Variant cDNA name, protein

1999-01-01 (reference not found
on Pubmed).

name and legacy name show no hits in
Pubmed in the context of CF. The mutation
is also not described in CFTR2.




c.1000C>T | p.Arg334Trp | R334W % Missense | This variant causes CF when combined [66] Normal CFTR protein expression in
with another CF-causing variant. Patients heterologous system but altered single
with CF who have this variant are likely to channel conductance characteristic of class
be pancreatic sufficient. IV [63]. Some response to ivacaftor but not
lumacaftor in primary CF cells [2, 21].
c.1040G>C | p.Arg347Pro | R347P Il Missense | This variant causes CF when combined [62] Class Il trafficking defect associated with
with another CF-causing variant. 64% reduced C band expression in heterologous
(N=302) of patients in CFTR2 who have cell expression systems. R347P was originally
this variant are pancreatic insufficient. found to have altered channel conductance
properties, but also matures very
inefficiently (c-band ~15% of wild-type and
is not associated with function despite some
expression [28]. Moreover, (F508del/R347P)
shows no clear detectable response to
ivacaftor in primary CF cells [21]. Others also
found processing defects [39]. This supports
a primary defect in processing (class Il). The
limited product that reaches the surface has
likely altered channel properties [2].
c.1657C>T | p.Arg553X R553X Nonsense | This variant causes CF when combined [67] Class | CFTR protein synthesis defect based
with another CF-causing variant. This on sequence analysis (introduced PTC) that
variant causes pancreatic insufficiency affects a critical part of the protein and is
when combined with another variant associated with PI-CF [2].
that causes pancreatic insufficiency.
€.221G>C p.Arg74Pro R74P Unclassified Missense | Not described in CFTR2. Not described in CFTR1 [3]. Unclassified. Variant cDNA name, protein
name and legacy name show no hits in
Pubmed in the context of CF. The mutation
is also not described in CFTR1 or CFTR2.
€.2290C>T | p.Arg764X R764X Nonsense | This variant causes CF when combined [15] Class | CFTR protein synthesis defect based
with another CF-causing variant. This on sequence analysis (introduced PTC) that
variant causes pancreatic insufficiency affects a critical part of the protein and is
when combined with another variant associated with PI-CF [2].
that causes pancreatic insufficiency.
€.2353C>T | p.Arg785X R785X Nonsense | This variant causes CF when combined [68] Class | CFTR protein synthesis defect based

with another CF-causing variant. This
variant causes pancreatic insufficiency
when combined with another variant
that causes pancreatic insufficiency.

on sequence analysis (introduced PTC) that
affects a critical part of the protein and is
associated with PI-CF in CFTR2.




€.3752G>A | p.Ser1251Asn | S1251N I Missense | This variant causes CF when combined [69] Classified as ivacaftor responsive class Il
with another CF-causing variant. 72% gating mutation with normal C-band
(N=84) of patients in CFTR2 who have expression [2, 47].
this variant are pancreatic insufficient.
c.53G>T p.Serl8lle S18l Unclassified Missense | Not described in CFTR2. Not described in CFTR1 [3]. Unclassified. Variant cDNA name, protein
name and legacy name show no hits in
Pubmed in the context of CF. The mutation
is also not described in CFTR1 or CFTR2.
c.1466C>A | p.Ser489X S489X Nonsense | This variant causes CF when combined CFTR1 reference [3]: Macdonald | Class | CFTR protein synthesis defect based
with another CF-causing variant. This K, Haworth, A Malone G, Schwarz | on sequence analysis (introduced PTC) that
variant causes pancreatic insufficiency M 1994-08-15 (reference not affects a critical part of the protein and is
when combined with another variant found on Pubmed) associated with PI-CF [2, 70].
that causes pancreatic insufficiency.
c.4186A>C | p.Thr1396Pro | T1396P Unclassified Missense | Not described in CFTR2. Not described in CFTR1 [3]. Unclassified. One study reported no
consistent manifestations of CF over time
[71].
c.3477delT | p.Val1160X V1160X | Nonsense | Not described in CFTR2. [72] Class | CFTR protein synthesis defect based
on sequence analysis (introduced PTC) that
affects a critical part of the protein.
€.3846G>A | p.Trp1282X W1282X || Nonsense | This variant causes CF when combined [73] Class | CFTR protein synthesis defect based
with another CF-causing variant. This on sequence analysis (introduced PTC) that
variant causes pancreatic insufficiency affects a critical part of the protein and is
when combined with another variant associated with PI-CF [2].
that causes pancreatic insufficiency.
€.2036G>A | p.Trp679X W679X Nonsense | Not described in CFTR2. CFTR1 reference [3]: Walker C, Class | CFTR protein synthesis defect based
Tsui L-C, Zielenski J 1999-09-27 on sequence analysis (introduced PTC) that
(reference not found on affects a critical part of the protein.
Pubmed).
€.2537G>A | p.Trp846X W846X Nonsense | This variant causes CF when combined [74] Class | CFTR protein synthesis defect based

with another CF-causing variant. This
variant causes pancreatic insufficiency
when combined with another variant
that causes pancreatic insufficiency.

on sequence analysis (introduced PTC) that
affects a critical part of the protein and is
associated with PI-CF [2].




€.3276C>A | p.Tyr1092X Y¥1092X | Nonsense | This variant causes CF when combined [75] Class | CFTR protein synthesis defect based
with another CF-causing variant. This on sequence analysis (introduced PTC) that
variant causes pancreatic insufficiency affects a critical part of the protein and is
when combined with another variant associated with PI-CF [2].
that causes pancreatic insufficiency.
€.325T>G p.Tyr109Asp | Y109D Unclassified Missense | Not described in CFTR2. Not described in CFTR1 [3]. Unclassified. One report [76] described
mutation as CF-causing, elevated sweat
chloride levels and pancreatic insufficiency.
No characterization of protein function has
been published.
€.2547C>A | p.Tyr849X Y849X Nonsense | This variant causes CF when combined [77] Class | CFTR protein synthesis defect based

with another CF-causing variant. This
variant causes pancreatic insufficiency
when combined with another variant
that causes pancreatic insufficiency.

on sequence analysis (introduced PTC) that
affects a critical part of the protein and is
associated with PI-CF in CFTR2.

Overview of the individual mutations in cDNA, protein and legacy name (according to the human genome variation society (HGVS) nomenclature) and corresponding CFTR

classification including the rationale behind classification. The rationale is based on available literature and the clinical consequence of the mutation found in the CFTR2

database. In addition to the rationale, the original report describing the mutation for the first time was added to the table, derived from the CFTR1 database.




Supplementary table 2. Individual genotypes of study participants.

ID Genotype (legacy name) Genotype classification | Mutation group
1 | G542X/CFTRdele2.3 Class | ins/del-nonsense
2 | 1811+1G>C/1811+1G>C Class | splice-splice
3 | 1717-1G>A/2183AA>G Class | ins/del-splice
4 | W1282X/W1282X Class | nonsense-nonsense
5 | G542X/W679X Class | nonsense-nonsense
6 | 1811+1G>C/1811+1G>C Class | splice-splice
7 | R785X/R785X Class | nonsense-nonsense
8 | 1717-1G>A/3905insT Class | ins/del-splice
9 | R1162X/3659delC Class | ins/del-nonsense
10 | 1811+1G>C/1811+1G>C Class | splice-splice
11 | 711+1G>T/CFTRdelel1 Class | ins/del-splice
12 | 1677delTA/3120+1G>A Class | ins/del-splice
13 | L732X/L732X Class | nonsense-nonsense
14 | 1811+1G>C/1811+1G>C Class | splice-splice
15 | 711+1G>T/711+1G>T Class | splice-splice
16 | F508del/L206W Class Il ins/del-missense
17 | F508del/G628R Class Il ins/del-missense
18 | F508del/I336K Class Il ins/del-missense
19 | A455E/3659delC Class Il ins/del-missense
20 | A455E/1343delG Class Il ins/del-missense
21 | R1066H/CFTRdele2.3 Class Il ins/del-missense
22 | F508del/G628R Class Il ins/del-missense
23 | A455E/E60X Class Il missense-nonsense
24 | F508del/G628R Class Il ins/del-missense
25 | F508del/F508del Class Il ins/del-ins/del
26 | G542X/R1066C Class Il missense-nonsense
27 | F508del/2184delA Class Il ins/del-ins/del
28 | F508del/R347P Class Il ins/del-missense
29 | F508del/Y1092X Class Il ins/del-nonsense
30 | F508del/365-366insT(W79fs) | Class Il ins/del-ins/del
31 | F508del/R1066C Class Il ins/del-missense
32 | F508del/1342-1delG Class Il ins/del-splice
33 | F508del/W846X Class Il ins/del-nonsense
34 | F508del/1717-1G>A Class Il ins/del-splice
35 | F508del/CFTRdele17a.17b Class Il ins/del-ins/del
36 | F508del/F508del Class Il ins/del-ins/del
37 | R1066C/R1066H Class Il missense-missense
38 | V1160X/E92K Class Il missense-nonsense




39 | F508del/1078delT Class Il ins/del-ins/del

40 | F508del/W1282X Class Il ins/del-nonsense
41 | F508del/R347P Class Il ins/del-missense
42 | F508del/1078delT Class Il ins/del-ins/del

43 | F508del/F508del Class Il ins/del-ins/del

44 | F508del/F508del Class Il ins/del-ins/del

45 | N1303K/G550X Class Il missense-nonsense
46 | F508del/CFTRdele19.20 Class Il ins/del-ins/del

47 | F508del/F508del Class Il ins/del-ins/del

48 | F508del/R347P Class Il ins/del-missense
49 | F508del/I1336K Class Il ins/del-ins/del

50 | A46D/A46D Class Il missense-missense
51 | F508del/3659delC Class Il ins/del-ins/del

52 | F508del/CFTRdele17a.17b Class Il ins/del-ins/del

53 | F508del/E730X Class Il ins/del-nonsense
54 | F508del/2183AA>G Class Il ins/del-ins/del

55 | F508del/Y1092X Class Il ins/del-nonsense
56 | F508del/1813insC Class Il ins/del-ins/del

57 | F508del/E60X Class Il ins/del-nonsense
58 | F508del/711+1G>T Class Il ins/del-splice

59 | F508del/Y1092X Class Il ins/del-nonsense
60 | F508del/G85E Class Il ins/del-missense
61 | F508del/I1507del Class Il ins/del-ins/del

62 | F508del/1717-1G>A Class Il ins/del-splice

63 | F508del/W1282X Class Il ins/del-nonsense
64 | F508del/3659delC Class Il ins/del-ins/del

65 | F508del/711+1G>T Class Il ins/del-splice

66 | F508del/1717-1G>A Class Il ins/del-splice

67 | F508del/CFTRdele17a.17b Class Il ins/del-ins/del

68 | F508del/Y849X Class Il ins/del-nonsense
69 | F508del/1717-1G>A Class Il ins/del-splice

70 | N1303K/G85E Class Il missense-missense
71 | F508del/CFTRdele2.3 Class Il ins/del-ins/del

72 | F508del/CFTRdelel7a.17b Class Il ins/del-ins/del

73 | A46D/A46D Class Il missense-missense
74 | F508del/Y849X Class Il ins/del-nonsense
75 | F508del/G85E Class Il ins/del-missense
76 | F508del/S489X Class Il ins/del-nonsense
77 | F508del/2184delA Class Il ins/del-ins/del

78 | G542X/R1066C Class Il missense-nonsense
79 | F508del/711+1G>T Class Il ins/del-splice




80 | F508del/F508del Class Il ins/del-ins/del
81 | F508del/W1282X Class Il ins/del-nonsense
82 | F508del/Y1092X Class Il ins/del-nonsense
83 | F508del/N1303K Class Il ins/del-missense
84 | F508del/711+1G>T Class Il ins/del-splice

85 | 1507del/4374+2T->C Class Il ins/del-splice

86 | F508del/711+1G>T Class Il ins/del-splice

87 | F508del/R1162X Class Il ins/del-nonsense
88 | F508del/G550X Class Il ins/del-nonsense
89 | F508del/G550X Class Il ins/del-nonsense
90 | F508del/F508del Class Il ins/del-ins/del
91 | F508del/F508del Class Il ins/del-ins/del
92 | F508del/Q493X Class Il ins/del-nonsense
93 | F508del/4016insT Class Il ins/del-ins/del
94 | F508del/394delTT Class Il ins/del-ins/del
95 | F508del/IVS11-1G>C Class Il ins/del-splice

96 | F508del/G550X Class Il ins/del-nonsense
97 | F508del/R1162X Class Il ins/del-nonsense
98 | F508del/R1162X Class Il ins/del-nonsense
99 | F508del/Y1092X Class Il ins/del-nonsense
100 | F508del/N1303K Class Il ins/del-missense
101 | F508del/W1282X Class Il ins/del-nonsense
102 | F508del/2184insA Class Il ins/del-ins/del
103 | F508del/F508del Class Il ins/del-ins/del
104 | F508del/R1162X Class Il ins/del-nonsense
105 | F508del/E60X Class Il ins/del-nonsense
106 | F508del/R1162X Class Il ins/del-nonsense
107 | F508del/S1251N Class 111 ins/del-missense
108 | F508del/S1251N Class 1l ins/del-missense
109 | F508del/S1251N Class 11 ins/del-missense
110 | F508del/S1251N Class Il ins/del-missense
111 | F508del/S1251N Class I ins/del-missense
112 | F508del/S1251N Class I ins/del-missense
113 | F508del/S1251N Class 11l ins/del-missense
114 | F508del/S1251N Class 1l ins/del-missense
115 | S1251N/1717-1G>A Class Il missense-splice
116 | F508del/S1251N Class Il ins/del-missense
117 | F508del/G178R Class I ins/del-missense
118 | 3905insT/D1152H Class IV ins/del-missense
119 | F508del/D1152H Class IV ins/del-missense
120 | W1282X/R117H;7T Class IV missense-nonsense




121 | F508del/R117H;7T/9T Class IV ins/del-missense
122 | R1162X/D1152H Class IV missense-nonsense
123 | R117H;7T/R553X Class IV missense-nonsense
124 | R334W/N1303K Class IV missense-missense
125 | R334W/R334W Class IV missense-missense
126 | D1152H/R1162X Class IV missense-nonsense
127 | R334W/R764X Class IV missense-nonsense
128 | F508del/5T;TG13 Class V ins/del-splice

129 | F508del/5T;TG13 Class V ins/del-splice

130 | G542X/3849+10kbC>T Class V nonsense-splice
131 | F508del/5T;TG13 Class V ins/del-splice

132 | A455E/5T;TG13 Class V missense-splice
133 | F508del/3849+10kbC>T Class V ins/del-splice

134 | F508del/3849+10kbC>T Class V ins/del-splice

135 | F508del/3849+10kbC>T Class V ins/del-splice

136 | 3272-26A>G/3272-26A>G Class V splice-splice

137 | F508del/3849+10kbC>T Class V ins/del-splice

138 | 3272-26A>G/G970R Class V splice-splice

139 | F508del/3272-26A>G Class V ins/del-splice

140 | F508del/3272-26A>G Class V ins/del-splice

141 | F508del/3272-26A>G Class V ins/del-splice

142 | 3272-26A>G/1898+5G>T Class V splice-splice

143 | F508del/3272-26A>G Class V ins/del-splice

144 | 4382delA/2043delG Class V ins/del-ins/del

145 | F508del/4382delA Class V ins/del-ins/del

146 | F508del/2789+5G>A Class V ins/del-splice

147 | F508del/4382delA Class V ins/del-ins/del

148 | Y849X/2789+5G>A Class V nonsense-splice
149 | 1078delT/3272-26A>G Class V ins/del-splice

150 | 3849+10kbC>T/1717-1G>A Class V splice-splice

151 | F508del/c.4243-3T>A Unclassified ins/del-splice

152 | F508del/R1358S Unclassified ins/del-missense
153 | F508del;11027T/UNK Unclassified ins/del-unknown
154 | UNK/UNK Unclassified unknown-unknown
155 | R553X/c.4243-3T>A Unclassified nonsense-splice
156 | F508del/T1396P Unclassified ins/del-missense
157 | F508del/G461R Unclassified ins/del-missense
158 | N1303K/Q1012P Unclassified missense-missense
159 | F508del/UNK Unclassified ins/del-unknown
160 | R117H;7T/UNK Unclassified missense-unknown
161 | F508del/G1249R Unclassified ins/del-missense




162 | UNK/UNK Unclassified unknown-unknown
163 | F508del/G1249R Unclassified ins/del-missense
164 | F508del/UNK Unclassified ins/del- unknown
165 | F508del/3849+5G>T Unclassified ins/del-splice

166 | L1335P/L1335P Unclassified missense-missense
167 | F508del/R74P Unclassified ins/del-missense
168 | F508del/L1034P Unclassified ins/del-missense
169 | F508del/S18lI Unclassified ins/del-missense
170 | F508del/Y109D Unclassified ins/del-missense
171 | W1282X/L927P Unclassified missense-nonsense
172 | F508del/UNK Unclassified ins/del-unknown
173 | F508del/c.4046delG Unclassified ins/del-ins/del

Overview of individual genotypes with corresponding CFTR mutation classification according to the rationale
described in supplementary table 1. Genotypes are provided in legacy name, unless stated otherwise (c. = cDNA
code). Study participants were categorized into one mutation class based on the mildest of both mutation
classes, or to unclassified when one of the mutation classes was unknown or uncertain. Mutation group was

defined by the combination of mutation types of both alleles.



Supplementary table 3. Association of FIS with FEV1pp decline in subgroup analysis 4-25 years.
Regression coefficients of linear mixed effects model for FEV1pp within a subgroup including participants

between 4-25 years of age.

N=107, obs=644 Coefficient (95% Cl) P-value
Age -1.57 (-2.03 --1.10) <0.001*
FIS -3.01 (-11.07 —5.04) 0.462
FIS*age 0.49 (0.03 — 0.96) 0.039*
Treatment

- none Reference category

- ivacaftor 9.63 (4.93 -14.33) <0.001*
- lumacaftor/ivacaftor -4.32 (-10.70 - 2.06) 0.184
Sex

- male Reference category

- female 0.16 (-6.38 - 6.71) 0.961
Genotype class

- unclassified Reference category

- class | 0.93 (-14.29 - 16.16) 0.904
-class 1l 6.21(-6.30—18.72) 0.330

- class 1l 7.86 (-6.99 —22.71) 0.299

- class IV 21.37 (1.52 -41.22) 0.349

- class V -1.58 (-20.64 — 17.47) 0.870
SCC -0.09 (-0.25 -0.07) 0.264

FEV1pp: Forced expiratory volume in 1 second, percent predicted. Age in years. FIS: Forskolin-induced swelling,
defined as the relative size increase of intestinal organoids (AUC) after 1h stimulation with 0.8 uMy/L forskolin,
coefficient scaled 1:1000 AUC. SCC: Sweat chloride concentration in mmol/L. FIS*age indicates the difference in
annual FEV1pp decline per 1000 AUC change in FIS level. Genotype class: CFTR protein function class of the

mildest of both CFTR mutations. * Significance level P < 0.05.



Supplementary table 4. Association of FIS with FEV1pp decline in sensitivity analysis including genotype
group.
Regression coefficients of linear mixed effects model for FEV1pp with genotype group and subgroup only

including participants between 4 — 25 years of age.

N=138, obs=970 Subgroup: N=100, obs=601

Coefficient (95% Cl) P-value Coefficient (95% Cl) P-value
Age -1.25 (-1.54 —-0.96) <0.001* | -1.68(-2.15--1.21) <0.001*
FIS -2.93 (-8.42 -2.56) 0.295 -5.22 (-12.15-1.71) 0.140
FIS*age 0.36 (0.12-0.61) 0.004* 0.69 (0.17 - 1.20) 0.009*
Treatment
- none Reference category Reference category
- ivacaftor 8.43 (4.79 - 12.06) <0.001* 10.03 (4.88 - 15.17) <0.001*
- lumacaftor/ivacaftor -3.44 (-7.89-1.00) 0.129 -4.30 (-10.66 — 2.06) 0.185
Sex
- male Reference category Reference category
- female -0.07 (-6.21-6.07) 0.982 0.82(-5.72-7.36) 0.805
Genotype group
- Ins/del — missense Reference category Reference category
- Ins/del — nonsense -0.24 (-9.98 —9.51) 0.962 2.05(-7.94 —12.05) 0.687
- Ins/del — splice -2.91 (-12.08 - 6.25) 0.533 -2.29(-11.89-7.31) 0.640
- Ins/del —ins/del -0.45 (-10.05-9.14) 0.927 1.56 (-8.72 - 11.84) 0.766
- Missense — nonsense 7.85(-6.51-22.21) 0.284 8.40 (-8.39 — 25.19) 0.326
- Missense — missense 8.77 (-5.46 — 23.00) 0.227 13.84 (-1.12 - 28.79) 0.070
- Splice — splice -6.30(-21.46 — 8.87) 0.415 1.74 (-15.01 - 18.50) 0.838
ScC -0.09 (-0.24 -0.07) 0.289 -0.12 (-0.29 - 0.05) 0.176

FEV1pp: Forced expiratory volume in 1 second, percent predicted. Age in years. FIS: Forskolin-induced swelling,
defined as the relative size increase of intestinal organoids (AUC) after 1h stimulation with 0.8 uM/L forskolin,
coefficient scaled 1:1000 AUC. FIS*age indicates the difference in annual FEV1pp decline per 1000 AUC change
in FIS level. SCC: Sweat chloride concentration in mmol/L. Genotype group: combination of CFTR mutation types

on both alleles. * Significance level P < 0.05.




Supplementary table 5. Association of SCC with FEV1pp decline.

N=149, obs=1054 Coefficient (95% Cl) P-value
Age --0.26 (-1.12-0.61) 0.563
FIS 1.78 (-4.05 -7.62) 0.549
ScC 0.004 (-0.19 - 0.20) 0.971
SCC*age -0.01 (-0.02 - 0.002) 0.121
Treatment

- none Reference category

- ivacaftor 8.04 (4.61-11.47) <0.001*
- lumacaftor/ivacaftor -3.98 (-8.44 - 0.49) 0.081
Sex

- male Reference category

- female -0.75 (-6.83 —5.32) 0.807
Genotype class

- unclassified Reference category

-class | 0.73 (-13.51-14.97) 0.920
-class i 5.37 (-5.62 —16.36) 0.338

- class Il 10.66 (-3.45 — 24.76) 0.138

- class IV 12.11 (-4.46 — 28.69) 0.152

- class V 0.23 (-14.60 — 15.06) 0.976

FEV1pp: Forced expiratory volume in 1 second, percent predicted. Age in years. FIS: Forskolin-induced swelling,
defined as the relative size increase of intestinal organoids (AUC) after 1h stimulation with 0.8 uM/L forskolin,
coefficient scaled 1:1000 AUC. SCC: Sweat chloride concentration in mmol/L. FIS*age indicates the difference in
annual FEV1pp decline per 1000 AUC change in FIS level. Genotype class: CFTR protein function class of the

mildest of both CFTR mutations. * Significance level P < 0.05.



Supplementary table 6. Comparison of the association between FEV1pp decline and FIS versus SCC.

N=149, obs=1054 Coefficient (95% Cl) P-value
Age -1.16 (-2.36 - 0.03) 0.056
FIS -2.42 (-9.15 -4.30) 0.480
FIS*age 0.33 (0.05-0.60) 0.020*
ScC -0.09 (-0.31-0.12) 0.392
SCC*age 0.00 (-0.01 - 0.01) 0.995
Treatment

- none Reference category

- ivacaftor 8.02 (4.61-11.43) <0.001*
- lumacaftor/ivacaftor -3.75(-8.20-0.70) 0.098
Sex

- male Reference category

- female -0.99 (-7.06 — 5.07) 0.748
Genotype class

- unclassified Reference category

- class | 0.51 (-13.65 - 14.67) 0.944
-class Il 5.34 (-5.60 - 16.27) 0.339

- class Ill 10.25 (-3.82 — 24.32) 0.153

- class IV 11.09 (-5.44 - 27.63) 0.188

- class V -2.45(-17.33 -12.43) 0.747

FEV1pp: Forced expiratory volume in 1 second, percent predicted. Age in years. FIS: Forskolin-induced swelling,
defined as the relative size increase of intestinal organoids (AUC) after 1h stimulation with 0.8 uMy/L forskolin,
coefficient scaled 1:1000 AUC. SCC: Sweat chloride concentration in mmol/L. FIS*age indicates the difference in
annual FEV1pp decline per 1000 AUC change in FIS level. SCC*age indicates the difference in annual FEV1pp
decline per 1-unit change in SCC level. Genotype class: CFTR protein function class of the mildest of both CFTR

mutations. * Significance level P < 0.05.



SUPPLEMENTARY FIGURE LEGENDS

Supplementary figure 1. Individual FIS responses.

a) waterfall plot of FIS responses stimulated with 0.8 uM forskolin for 1 hour of all study participants. b)
waterfall plot of FIS responses at 0.8 uM forskolin per mutation group. Groups were defined by the
combination of the mutation type of both mutations. Bars represent mean+SD of replicates, ranging from n=2
to n=7. The numbers on the x-axes represent the participant number and correspond to the numbers in figure

1b-c. Genotypes are specified in supplementary table 2.

Supplementary figure 2. Association of FIS with long-term FEV1pp decline in subgroup 4-25 years.

Predicted FEV1pp decline based on model coefficients in supplementary table 3, illustrating the association
between different levels of residual CFTR function and long-term FEV1pp decline in the subgroup analysis. The
analysis was performed with FIS as continuous variable, yet for illustrative purposes predicted FEV1pp decline
is plotted by steps of 1000 AUC from 4 to 25 years, reflecting the age range of the subgroup. Average predicted

annual FEV1pp decline per AUC level is specified on the right.
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