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a b s t r a c t 

Background: In cystic fibrosis (CF), loss of CF transmembrane conductance regulator (CFTR)-dependent 

bicarbonate secretion precipitates the accumulation of viscous mucus in the lumen of respiratory and 

gastrointestinal epithelial tissues. We investigated whether the combination of elexacaftor (ELX), ivacaftor 

(IVA) and tezacaftor (TEZ), apart from its well-documented effect on chloride transport, also restores 

Phe508del-CFTR-mediated bicarbonate transport. 

Methods: Epithelial monolayers were cultured from intestinal and biliary (cholangiocyte) organoids of 

homozygous Phe508del-CFTR patients and controls. Transcriptome sequencing was performed, and bi- 

carbonate and chloride transport were assessed in the presence or absence of ELX/IVA/TEZ, using the 

intestinal current measurement technique. 

Results: ELX/IVA/TEZ markedly enhanced bicarbonate and chloride transport across intestinal epithelium. 

In biliary epithelium, it failed to enhance CFTR-mediated bicarbonate transport but effectively rescued 

CFTR-mediated chloride transport, known to be requisite for bicarbonate secretion through the chloride- 

bicarbonate exchanger AE2 ( SLC4A2 ), which was highly expressed by cholangiocytes. Biliary but not in- 

testinal epithelial cells expressed an alternative anion channel, anoctamin-1/TMEM16A ( ANO1 ), and se- 

creted bicarbonate and chloride upon purinergic receptor stimulation. 

Conclusions: ELX/IVA/TEZ has the potential to restore both chloride and bicarbonate secretion across CF 

intestinal and biliary epithelia and may counter luminal hyper-acidification in these tissues. 

© 2021 The Author(s). Published by Elsevier B.V. on behalf of European Cystic Fibrosis Society. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Accumulation of viscous mucus in the respiratory, intestinal and 

iliary tract is a hallmark of cystic fibrosis (CF), and is the primary 

ause of defective mucociliary clearance in the airways and of lu- 

inal obstruction in gastrointestinal epithelia [1–4] . It was shown 

hat proper unfolding of mucins, the polymeric glycoproteins that 

orm the main constituent of mucus in these tissues, requires con- 
Abbreviations: CaCC, Ca 2 + -dependent chloride channels; CFTR, cystic fibrosis 

ransmembrane conductance regulator; ELX, elexacaftor; ICM, intestinal current 

easurement; IVA, ivacaftor; LUM, lumacaftor; TEZ, tezacaftor. 
∗ Corresponding author at: Erasmus MC University Medical Center, Dept of Gas- 

roenterology and Hepatology, PO Box 2040, 30 0 0CA Rotterdam, the Netherlands. 
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urrent bicarbonate secretion [ 4 , 5 ]. Bicarbonate is transported by 

he CF-gene encoded cystic fibrosis transmembrane conductance 

egulator (CFTR) channel and by chloride-bicarbonate exchangers 

hat are functionally coupled to CFTR [6] . In the absence of bi- 

arbonate secretion, the mucins released by the epithelium remain 

ensely packed and attached to the epithelial surface. 

Despite the evident importance of the loss of CFTR-dependent 

icarbonate transport in the pathophysiology of CF, and in con- 

rast to the plethora of studies investigating the chloride trans- 

ort defect, few studies have specifically addressed the rescue of 

icarbonate transport [7] . Indeed, most functional CFTR assays cur- 

ently used for diagnostic and surveillance purposes, e.g. mea- 

urement of sweat chloride, forskolin-induced swelling, intestinal 

urrent measurement (ICM) and nasal potential difference, solely 
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easure chloride or do not discriminate between chloride and bi- 

arbonate transport. This distinction may be of importance because 

olecular modeling of CFTR has indicated that access of bicarbon- 

te and chloride to the channel pore may proceed through sepa- 

ate routes in the inner vestibule [8] . Consequently, it is conceiv- 

ble that conformational changes in this region affect bicarbonate 

nd chloride transport differently. Congruently, it has been shown 

hat modulator drugs, i.e. small-molecule compounds that aim to 

estore mutant CFTR function by changing protein folding and/or 

onformation, may have different effects on chloride vs . bicarbon- 

te transport [9] . 

CFTR is highly expressed in the intestinal epithelium, and in 

he liver it is expressed exclusively in the biliary tree [10–12] . 

oth these epithelial tissues secrete bicarbonate as well as chlo- 

ide, stimulated by hormones that trigger cyclic AMP-dependent 

rotein kinase-mediated phosphorylation of CFTR [ 10 , 13 ]. In both 

issues, hyper-acidification of the luminal surface, resulting from 

oss of CFTR-dependent bicarbonate secretion, is thought to play 

 key role in the CF-typical accumulation of viscous mucus, lumi- 

al obstruction and inflammation [1–4] . Intestinal disease affects 

ost CF patients from an early age, whereas, in contrast, cholan- 

iopathies develop more gradually, and overt liver disease is a late 

nd more sporadic manifestation of CF [ 3 , 11 ]. This may explain

hy few studies have addressed the effect of CFTR modulators on 

iliary function [ 12 , 14 ]. However, in view of the changing demo-

raphics of CF, effective management of liver disease is becoming 

ncreasingly important and such studies seem warranted. 

In the present study we asked to what extent a combination of 

 CFTR modulators, elexacaftor (ELX), ivacaftor (IVA) and tezacaftor 

TEZ), which has been shown to restore anion channel function and 

o improve clinical outcome in CF patients carrying the Phe508del 

llele, restores bicarbonate and chloride transport across intestinal 

nd biliary CF epithelia [ 15 , 16 ]. For this purpose, we cultured in-

estinal and cholangiocyte organoids from tissue of homozygous 

he508del-CFTR patients, and assessed the effect of this drug com- 

ination on chloride and bicarbonate transport across epithelial 

onolayers, using a modified ICM protocol. 

. Materials and methods 

.1. Organoid culture 

Organoids, generated from ileal biopsies of a CF patient (ho- 

ozygous Phe508del-CFTR) and non-CF control, were maintained 

n medium containing the growth factors Wnt3a, Noggin, R- 

pondin 1 and EGF in Matrigel matrix (Corning), according to 

stablished protocols [17] . Intrahepatic cholangiocyte organoids 

ICO) were cultured from CF liver explant tissue (homozygous 

he508del-CFTR) and tissue of a deceased non-CF donor [18] . ICO 

ere initiated and cultured in medium containing the growth fac- 

ors R-Spondin 1, EGF and DKK1 in basement membrane extract 

atrix (BME; Cultrex), according to protocols described elsewhere 

18] . To stimulate growth of CF organoids, ICO medium was sup- 

lemented with forskolin (2 μmol/L; Sigma-Aldrich). Tissue donors 

r their next of kin consented to tissue collection and the study 

as approved by the institutional review board of the Erasmus MC 

MEC-2014–060). 

For culture of epithelial monolayers, organoid-derived cells 

ere seeded on a permeable substrate as described in Supplemen- 

ary material . 

.2. Transcriptome sequencing and analysis 

RNA was extracted from organoid-derived epithelial monolay- 

rs using the miRNeasy kit (Qiagen), and further sample prepara- 

ion, library construction and sequencing was performed by BGI 
538 
Copenhagen, Denmark). Sequencing resulted in 22–28 million, 

aired-end reads. Data files were uploaded to the Galaxy public 

erver (usegalaxy.org), quality checked (FASTQC), adapter trimmed 

Cutadapt v1.16.5) and subsequently mapped against the human 

eference genome GRCh38 using HISAT2 (v2.1.0). Mapped reads 

ere converted to counts (FeatureCounts v2.0.1), applying the hg38 

enome annotation file, and RPKM normalized. Datasets are avail- 

ble through NCBI-GEO repository GSE182347. 

.3. Electrophysiological assessment of epithelial anion transport 

CF and non-CF monolayers were incubated with ELX (VX-445, 

 μmol/L; MedChem), IVA (VX-770; 0.3 μmol/L; SelleckChem) and 

EZ (VX-661, 3 μmol/L; SelleckChem), or vehicle (DMSO, 0.2%) for 

0 h. Subsequently, filters were mounted in P2302T/P2300-type 

ssing chambers (Physiologic Instruments, San Diego). Monolayers 

ere bathed in either of 3 solutions. To assess combined chloride 

nd bicarbonate transport, Meyler solution (mmol/L: 128 NaCl, 4.7 

Cl, 1.3 CaCl 2 , 1.0 MgCl 2 , 20 NaHCO 3 , 0.4 NaH 2 PO 4 , 0.3 Na 2 HPO 4 ,

0 HEPES, 10 glucose) was used. For assessing chloride transport, 

 similarly formulated solution was used, except that NaHCO 3 was 

eplaced by Na-isethionate. The pH of this solution was set at 7.35 

y NaOH titration. The only CFTR-permeating anion in this so- 

ution is chloride. For assessing bicarbonate transport, NaCl was 

eplaced by Na-isethionate, KCl by KNO 3 , and CaCl 2 and MgCl 2 
y acetic acid salts of these ions. The only physiologically rele- 

ant CFTR substrate in this solution is bicarbonate. The appropri- 

te CFTR modulator combinations were added and solutions were 

aintained at 37 °C, gassed with 95% O 2 , 5% CO 2 or O 2 only (in

ase a bicarbonate-free solution was used). The transepithelial po- 

ential difference was clamped at 0 mV with a VVC-MC8 module 

Physiologic Instruments), and the resulting short-circuit current 

Isc) was recorded using a PowerLab 8/35 recording unit and as- 

ociated software (LabChart 8; AD Instruments). CFTR-mediated Isc 

esponses in monolayers were stimulated by forskolin (10 μmol/L). 

TP (50 μmol/L; Sigma-Aldrich) was added to the luminal bath to 

timulate Ca 2 + -dependent chloride channels (CaCC). UTP responses 

ere assessed in the presence of the CFTR blocker CFTRinh172 

20 μmol/L; SelleckChem). T16Ainh-A01 (50 μmol/L; Tocris) was 

sed to block CaCC activity. 

.4. Statistical analysis 

Data are represented as means ± standard error. Differences 

etween means were statistically analyzed by ANOVA, using the 

idak correction to control for multiple comparisons, except for the 

ffect of T16Ainh-A01 which was statistically evaluated using Stu- 

ent’s t -test (Prism 9; Graphpad software). 

. Results 

.1. Expression of ion transporters in biliary vs. intestinal epithelial 

onolayers 

Gene expression was analyzed by transcriptome sequencing of 

epresentative CF and non-CF monolayer cultures of cholangio- 

yte and intestinal organoids ( Fig. 1 ). Congruent with functional 

ssays (see below), CFTR was robustly expressed in both intesti- 

al and biliary epithelial monolayers, whereas only the latter con- 

ained a significant transcript numbers of the CaCC anoctamin- 

/TMEM16A ( ANO1 ). Both intestinal and biliary cells expressed the 

urinergic receptors P2Y 1 ( P2RY1 ) and P2Y 2 ( P2RY2 ). AE2 ( SLC4A2 ),

hich is situated at the basolateral pole in intestinal cells, but 

ediates apical bicarbonate efflux in cholangiocytes, was ubiqui- 

ously expressed in both intestinal and biliary monolayers. Cholan- 

iocytes also expressed the chloride-bicarbonate exchanger AE3 
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Fig. 1. Expression of genes involved in transepithelial anion transport in epithelial monolayers of organoids cultured from ileum or bile duct (BD) of CF and non-CF donors 

( n = 1 per group). Transcript levels are visualized using normalized read counts (RPKM). 
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 SLC4A3 ). In contrast to AE2, the chloride-bicarbonate exchang- 

rs DRA ( SLC26A3 ) and PAT1 ( SLC26A6 ) are located in the apical

embrane of enterocytes. Intriguingly, exceptionally high levels of 

LC26A3 transcript were detected in CF monolayers. Biliary mono- 

ayers of both genotypes expressed SLC26A6 , but contained negligi- 

le amounts of SLC26A3 transcript. The sodium-potassium-chloride 

otransporter (NKCC1; SLC12A2 ) and the sodium bicarbonate co- 

ransporter 1 (NBCe1; SLC4A4 ) mediate cellular uptake of chloride 

nd bicarbonate, respectively, across the basolateral membrane. In 

ddition, both intestinal and biliary monolayers contain transcripts 

oding for another bicarbonate transporter, NBCn1 ( SLC4A7 ). The 

ajor carbonic anhydrase in both cell types is CA9 , but intestinal 

ells also contain low amounts of CA1 and CA2 transcripts. Mem- 

ers of the SLC9 family are sodium-proton exchangers that serve 

o counter acid loading. 

.2. ELX/IVA/TEZ partially restores Phe508del-CFTR-mediated chloride 

nd bicarbonate transport in intestinal epithelial monolayers 

The ICM technique was adapted to assess CFTR-dependent an- 

on secretion across epithelial monolayers cultured from intestinal 

rganoids [19] . In non-CF monolayers, forskolin elicited a robust 

sc response that was blocked by CFTRinh172, indicating that the 

esponse is mediated by CFTR ( Fig. 2 A). Forskolin also elicited an 

sc response when the assay was performed in media containing 

ither only chloride or only bicarbonate as the CFTR-permeating 

nion, consistent with the notion that CFTR mediates both bicar- 

onate and chloride transport. However, the forskolin-mediated Isc 

esponse in bicarbonate medium amounted to only ca. one third 

f the response in chloride containing medium. In CF monolay- 

rs (homozygous Phe508del), the forskolin-mediated Isc responses 

ere small, indicating low levels of residual CFTR activity ( Fig. 2 B, 

MSO-treated). Treatment with the combination of ELX, IVA and 

EZ (ELX/IVA/TEZ) significantly increased the forskolin-dependent 

sc response of the CF monolayers, which reached levels amounting 
539 
o ca. 50% of the response in organoids expressing wild type CFTR 

 Fig. 2 B, 2 C). ELX/IVA/TEZ enhanced both CFTR-mediated chloride 

nd bicarbonate transport. The ratio of the Isc responses in chlo- 

ide and bicarbonate medium in ELX/IVA/TEZ-treated CF mono- 

ayers (3.3 ± 0.3, n = 6) was similar as in non-CF monolayers 

3.6 ± 0.2, n = 6; Fig. 2 D). In accordance with low ANO1 expression

 Fig. 1 ), UTP did not elicit an appreciable Isc response in intestinal 

onolayers (not shown). 

.3. ELX/IVA/TEZ partially restores Phe508del-CFTR-mediated chloride 

ransport in biliary epithelial monolayers 

In non-CF biliary epithelial monolayers, forskolin elicited a 

ighly transient Isc response that was followed by a substan- 

ially lower but more sustained response, amounting to 30–50% 

f the preceding peak Isc. Additional experiments showed that 

emoval of chloride from the luminal bathing solution, led to a 

ore sustained forskolin-dependent Isc response ( Fig. 3 A, middle 

anel). This suggests that in the presence of luminal chloride, the 

lectrochemical driving force for anion extrusion is rapidly dissi- 

ated, putatively because of a comparatively low activity of chlo- 

ide importers located in the basolateral plasma membrane. In 

on-CF biliary monolayers, other than in intestinal monolayers, 

he Isc response in bicarbonate medium exceeded the response in 

hloride medium. In CF monolayers, the forskolin-dependent Isc 

as considerably lower than in the non-CF specimens, but some 

FTRinh172-sensitive Isc response was apparent ( Fig. 3 B, DMSO- 

reated). ELX/IVA/TEZ markedly enhanced the forskolin-dependent 

sc in CF monolayers when assayed in chloride-containing medium, 

hereas no statistically significant effect was observed when the 

ssay solution contained only bicarbonate as the CFTR substrate 

 Fig. 3 B, 3 C). 

UTP, through activation of purinergic receptors, stimulates bil- 

ary secretion through CaCCs, independent from CFTR [20] . In- 

eed, in biliary monolayers, in contrast to intestinal cells, luminal 
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Fig. 2. CFTR-mediated Isc responses of CF and non-CF intestinal epithelial monolayers. Monolayers were bathed in medium containing both chloride and bicarbonate, only 

chloride, or only bicarbonate, as indicated. CF monolayers were assayed both in the presence or absence of ELX/IVA/TEZ. Forskolin was added (black arrowheads) to stimu- 

late CFTR activity. Shaded arrowheads denote addition of CFTRinh172. A: Representative examples of non-CF monolayers. B: Representative examples of CF monolayers. C: 

Aggregate data showing peak forskolin-dependent Isc responses. D: Ratio of the forskolin-dependent Isc responses in chloride and bicarbonate medium. For both genotypes, 

organoids were derived from tissue of a single donor. Each data point represents one technical replicate ( n = 6 for each group). 
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TP elicited a substantial Isc response, which was blocked by the 

noctamin-1 inhibitor T16Ainh-A01 ( Fig. 3 D). UTP-dependent chlo- 

ide and bicarbonate secretory responses were similar in non-CF 

nd CF monolayers (not treated with ELX/IVA/TEZ; Fig. 3 E, 3 F). 

Because ELX/IVA/TEZ enhanced the forskolin-dependent Isc in 

F monolayers only when assayed in chloride-containing medium, 

he ratio of the Isc responses in chloride and bicarbonate medium 

n ELX/IVA/TEZ-treated CF monolayers was substantially higher 

han in non-CF monolayers ( Fig. 3 G). In non-CF monolayers, the 

atio of the Isc responses in chloride and bicarbonate medium af- 

er UTP stimulation was significantly higher than for the forskolin- 

ependent responses, and more similar to the ratio observed in CF 

onolayers ( Fig. 3 G). 

. Discussion 

In this study we show that ELX/IVA/TEZ partially restored 

he508del-CFTR function in primary cultures of CF intestinal and 

iliary epithelium. In intestinal epithelium, ELX/IVA/TEZ signifi- 

antly increased both Phe508del-CFTR-mediated chloride and bi- 

arbonate transport. In biliary epithelium, ELX/IVA/TEZ enhanced 

he508del-CFTR-mediated chloride transport, but did not signifi- 
540 
antly improve bicarbonate transport. In contrast to intestinal cells, 

holangiocytes displayed CFTR-independent, CaCC-mediated chlo- 

ide and bicarbonate transport. 

ELX and TEZ are small-molecule compounds that improve (co- 

ranslational) folding of the Phe508del-CFTR molecule. They bind 

o different regions of the nascent protein, and, when com- 

ined, increase the level of mature Phe508del-CFTR more than 

onotherapy with either compound [16] . ELX also acutely en- 

ances Phe508del-CFTR-mediated chloride transport, indicating it 

lso improves channel gating, which is further improved by IVA 

21] . Administered in combination, these drugs were shown to im- 

rove CFTR-mediated chloride and fluid transport, and lung func- 

ion in patients, even in those carrying only a single Phe508del 

llele [ 15 , 16 ]. However, it has not been ascertained whether 

his drug combination also enhances CFTR-dependent bicarbonate 

ransport, required to counter CF-typical hyper-acidification of lu- 

inal surfaces and for detachment of mucus from the epithelial 

urface [ 4 , 5 ]. To answer this question, we assessed chloride and

icarbonate transport across epithelial monolayers derived from 

rganoid cultures of CF (homozygous Phe508del) intestinal and bil- 

ary tissue. Other than in spheroids cultured in an extracellular 

atrix, both the basolateral (serosal) and the apical (luminal) com- 
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Fig. 3. CFTR- and UTP-mediated Isc responses of CF and non-CF biliary epithelial monolayers. Monolayers were bathed in medium containing both chloride and bicarbonate, 

only chloride, or only bicarbonate, as indicated. Non-CF monolayers were also assayed in the absence of luminal chloride. CF monolayers were assayed both in the presence 

or absence of ELX/IVA/TEZ. Forskolin was added (black arrowheads) to stimulate CFTR activity. Shaded arrowheads denote addition of CFTRinh172. A: Non-CF monolayers. B: 

CF monolayers C: Aggregate data of peak forskolin-dependent Isc responses. D: Representative experiment showing the effect of UTP and subsequent addition of T16Ainh- 

A01 on the Isc response of non-CF monolayers. The bar graph depicts UTP-dependent Isc responses in the presence or absence of T16Ainh-A01. E: UTP (arrowheads) was 

added to stimulate CaCC-mediated anion secretion across CF and non-CF monolayers. F. Aggregate data of peak UTP-dependent Isc responses. G: Ratio of the CFTR-mediated, 

forskolin- and CaCC-mediated, UTP-dependent Isc responses in chloride and bicarbonate medium. For CF monolayers, forskolin-dependent responses were assessed in the 

presence of ELX/IVA/TEZ. For both genotypes, organoids were derived from tissue of a single donor. Each data point represents one technical replicate ( n = 3–7 per group). 
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artment of such monolayer cultures are readily accessible, en- 

bling ion substitution experiments to assess bicarbonate transport 

eparately from chloride transport. 

In intestinal monolayers, we found that ELX/IVA/TEZ partially 

estored both Phe508del-CFTR-mediated chloride and bicarbon- 
541 
te transport, whereas CFTR-mediated Isc responses were virtu- 

lly absent in untreated CF monolayers. After treatment with 

LX/IVA/TEZ, both the chloride- and bicarbonate-mediated Isc re- 

ponse dramatically increased, reaching ca. 50% of the response 

bserved in non-CF monolayers. This resulted in a similar chlo- 
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ide over bicarbonate transport ratio as observed for wild type 

FTR ( Fig. 2 D). This ratio is comparable with values reported in 

tudies on intestinal and respiratory epithelium, in which similar 

lectrophysiological assays were performed, using ion substitution 

o distinguish CFTR-mediated chloride and bicarbonate transport 

 22 , 23 ]. It also closely approximates previously reported estimates 

or the chloride over bicarbonate permeability ratio of CFTR [24–

6] . Consequently, it appears that binding of the modulator com- 

ounds changes the conformation of Phe508del-CFTR such that its 

on selectivity closely mimics that of the wild type channel. Previ- 

usly, it was shown that the folding correctors lumacaftor (LUM; 

X-809) and TEZ (in the absence of ELX) decrease the chloride 

ver bicarbonate permeability of Phe508del-CFTR expressed in FRT 

ells [9] . However, in contrast to the present study, this previous 

tudy assayed Phe508del-CFTR-mediated bicarbonate and chloride 

ransport in the absence of IVA and ELX. Both these compounds 

mprove the gating of the mutant channel, and it is conceivable 

hat their co-application corrects putative effects of LUM or TEZ 

onotherapy on the relative bicarbonate and chloride conductance 

f the channel pore [21] . In fact, in our hands, LUM alone did not

ignificantly enhance the forskolin-dependent Isc in CF monolay- 

rs, indicating that it cannot overcome the Phe508del-CFTR-typical 

ating defect in these patient-derived cells, possibly because they 

xpress low levels of CFTR in comparison to transfected FRT cells; 

UM needs to be combined with a compound that restores CFTR 

hannel gating, like IVA, to achieve an appreciable response. 

ELX/IVA/TEZ also significantly enhanced CFTR-mediated anion 

ecretion across biliary monolayers. It had a most pronounced ef- 

ect on chloride transport, whereas it did not significantly enhance 

FTR-mediated bicarbonate transport. However, cholangiocytes se- 

rete bicarbonate mainly through an apically located electroneu- 

ral chloride-bicarbonate exchange mechanism (AE2; SLC4A2 ). Ac- 

ording to this model, CFTR is required for extrusion of chloride 

ntering the cells via the exchanger, enabling continued bicarbon- 

te secretion via AE2 [27] . This model implies that restoration of 

he508del-CFTR-mediated chloride secretion suffices to restore bil- 

ary bicarbonate secretion. 

Consistent with expression of purinergic receptors and a 

aCC, we demonstrated that CF monolayers secrete chloride as 

ell as bicarbonate after stimulation by UTP. Because the re- 

ponse was blocked by T16Ainh-A01, it is most plausibly medi- 

ted by anoctamin-1. UTP stimulated secretion in the presence of 

FTRinh172 and absence of ELX/IVA/TEZ, suggesting that this path- 

ay offers an alternative route for bicarbonate and chloride se- 

retion that may compensate for loss of CFTR. However, previ- 

us work suggests that purinergic receptors on cholangiocytes are 

ctivated through an autocrine mechanism, and that ATP release 

epends on CFTR, although the mechanism of CFTR-dependent 

TP secretion was not resolved [28] . Therefore, CaCC-mediated an- 

on secretion in vivo may ultimately depend on correction of the 

he508del-CFTR defect. 

Our data on non-CF biliary monolayers indicate that, apart from 

acilitating AE2 operation, CFTR also directly mediates bicarbon- 

te efflux, at a rate that, under the presently used conditions, can 

xceed chloride transport. Unexpectedly, CFTR-mediated bicarbon- 

te transport was almost absent from CF monolayers, both be- 

ore and after ELX/IVA/TEZ treatment. The cause of this dispar- 

ty is speculative. Firstly, we cannot exclude the remote possibility 

hat ELX/IVA/TEZ specifically promotes the permeation of chloride 

hrough the channel pore in biliary monolayers, but does not re- 

tore the permeation of bicarbonate. If so, it is unlikely to be a di- 

ect effect of ELX/IVA/TEZ on CFTR folding or anion conductance as 

he apparent shift in the chloride over bicarbonate transport ratio 

as not observed in similarly treated intestinal monolayers. How- 

ver, it remains possible that in non-CF biliary monolayers, but not 

n the CF monolayers, intracellular chloride concentrations reach 
542 
 sufficiently low level to activate WNK1 and NBCe1, chloride- 

ensing proteins capable of promoting CFTR-mediated bicarbonate 

ransport [29] . Furthermore, transcriptome analysis showed that, 

n biliary CF monolayers, expression of NBCe1 and the princi- 

le carbonic anhydrase CA9 was substantially lower than in non- 

F monolayers. However, differential gene expression cannot fully 

xplain the disparity in transport properties between genotypes, 

ecause the low expression of these genes in the CF cells did 

ot impose a similar limit on CaCC-mediated bicarbonate trans- 

ort. Rather, this implies that the regulation of components of 

he bicarbonate secretory route, e.g. NBCe1, of which the surface 

xpression is controlled by the WNK/SPAK- and IRBIT pathways, 

iffers between the Ca 2 + and cAMP signaling pathways, or that 

FTR and the CaCC are expressed in different cell types [ 29 , 30 ].

urther, we cannot rule out the possibility that the marked dif- 

erences in CFTR-mediated bicarbonate transport between CF and 

on-CF cholangiocyte organoids reflect inter-individual differences, 

mplying that studies on additional CF donor tissue and organoids 

re indicated. Finally, because the conditions during in vitro cell 

ulture can never fully recapitulate circumstances in vivo, the 

xpression and function of ion transporters may differ between 

rganoids/monolayers and native tissue. 

. Conclusion 

Our data indicate that ELX/IVA/TEZ strongly enhances 

he508del-CFTR-mediated chloride and bicarbonate transport 

n (small) intestinal epithelial cells, and chloride secretion in 

iliary epithelial cells. Because CFTR-mediated chloride efflux 

rom both enterocytes and cholangiocytes is thought to promote 

urther bicarbonate secretion through coupling to electrically silent 

hloride-bicarbonate exchangers (which are not assessed in ICM), 

he actual level of bicarbonate secretion upon CFTR activation 

s probably substantially higher than is apparent from the Isc 

esponses [ 10 , 13 , 27 ]. Consequently, this combination of CFTR mod- 

lators is likely to counter luminal hyper-acidification not only in 

he intestine, but also in the biliary tract. 
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