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fibrosis lung disease.

CFTR and cystic fibrosis

The cystic fibrosis (CF) transmembrane
conductance regulator (CFTR) is an anion
channel that regulates salt and water
homeostasis across epithelial membranes
(1). CFTR transports chloride ions to con-
trol fluid absorption or secretion by epithe-
lia, and moreover, it moderately conducts
bicarbonate to regulate intracellular and
extracellular pH. In the lungs, CFTR reg-
ulates ion transport in surface-airway epi-
thelia and submucosal glands, thus deter-
mining airway surface liquid (ASL) volume
and mucus hydration (1, 2).

Mutations in the CFTR gene cause
CF (3), a severe generalized disease of
exocrine glands characterized by mucus
plugging of the exocrine ducts. Absent or
abnormal CFTR predisposes to chronic
airway infections, which determine mor-
bidity and prognosis in most people with
CF. Thanks to continuously improved
treatment programs during the last five

In the lungs, the cystic fibrosis transmembrane conductance regulator
(CFTR) regulates ion transport in surface-airway epithelia and submucosal
glands, thus determining airway surface liquid (ASL) volume and mucus
hydration. In this issue of the JCI, Lei Lei and colleagues report that the
CFTR-rich and barttin/Cl- channel-expressing ionocytes mediate chloride
absorption across airway epithelia, whereas the more abundant basal

cells and secretory cells mediate chloride secretion. Thus, CFTR-mediated
secretion and absorption of chloride ions in the lung are segregated by

cell type, which has implications for future molecular therapies for cystic

decades, this lethal pediatric disease has
been transformed into a chronic disorder
with a median life expectancy of, nowa-
days, more than 50 years (4).

CFTR expression in human
airways

CFTR is expressed in only a few percent
of human airway epithelial cells (5, 6). In
quantitative terms, secretory cells are the
dominant cell type that expresses CFTR in
the surface epithelium of large and small
airways (5). Single-cell RNA sequencing
moreover identified a population of rare
cells termed ionocytes that express very
high levels of CFTR (7, 8). Ionocytes consti-
tute only about 0.3% of total cells in con-
ducting airway epithelial cells (5, 6), but
are the site of highest CFTR expression in
airway cells (7, 8). The lineage of the CFTR-
rich pulmonary ionocyte is specified by the
transcription factor FOXII. Besides CFTR,
FOXI1 also regulates the expression of oth-
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er ion transporters such as the V-ATPase
proton pump (7, 8), suggesting that these
cells may be key players for the water, ion,
and acid-base balance of the lung.

Role of CFTR in the pulmonary
ionocyte
In this issue of the JCI, Lei Lei and col-
leagues (9) report on the role of CFTR in
the ionocyte. Lei et al. transduced primary
human airway epithelial cells with a lenti-
virus that overexpresses FOXII to increase
ionocyte abundance. Subsequently, the
cells were grown in culture using proto-
cols for polarized epithelial cells. Lei and
colleagues counted the number of iono-
cytes in the culture and measured the ASL
volume. Compared with control cultures,
which possessed 0.1% to 0.5% ionocytes,
the proportion of ionocytes increased to
about 4% and the ASL volume decreased.
Alternatively, if the FOXII gene was dis-
rupted, the ionocytes disappeared from
the culture and the ASL volume slightly
increased. Thus, ionocytes mediate the
absorption of ASL. However, ASL absorp-
tion was not observed if epithelial sodium
channel (ENaC) activity was blocked or if
FOXI1 was transduced into airway epithe-
lial cells from CF donors, indicating that
functional ENaCs and CFTR channels are
necessary to mediate liquid absorption.
Next, Lei and colleagues searched for
the channel that mediates the transport
of the chloride ions across the basolateral
epithelial membrane and allows for liquid
absorption. Since the protein barttin has
been identified as a marker protein for ion-
ocytes that is not present in any other air-
way epithelial cell (7, 8), Lei and colleagues
studied the disruption or overexpression
of the barttin gene BSND in FOXI1-over-
expressing cells at the air-liquid inter-
face. With reduced barttin levels, ASL
volume increased and liquid absorption
decreased, and with increased barttin lev-
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Figure 1. CFTR mediates chloride movement in ionocytes and secretory cells of human lungs. The
airway epithelium contains few ionocytes as a percentage of total cells, but this cell type has the
highest expression of CFTR in airway cells. In comparison, secretory cells are the dominant cell type
that expresses CFTR in the surface epithelium. At physiological chloride concentrations, the transepi-
thelial electrochemical gradient drives chloride absorption through the ionocyte. Apical CFTR channels
and basolateral barttin/Cl- channels mediate the flow of chloride ions. The electrical gradient across

the airway epithelium is generated by apical ENaCs

, and the basolateral Na-K pump drives chloride

absorption. These characteristics allow pulmonary ionocytes to absorb liquid from the apical ASL. In
contrast, secretory cells import chloride ions via basolateral NKCC1 and secrete chloride through apical
CFTR channels. In these cells, apical ENaC and the Na-K pump share a pathway for absorbing sodium.
Notably, CFTR serves opposite functions in different cell types. Figure adapted from Lei et al. (9).

els, the opposite was observed (9). Barttin
is an accessory subunit of human CIC-type
chloride channels, regulating the localiza-
tion, conductance, and open probability
of the channel (10, 11). Lei and authors
concluded that apical CFTR channels and
basolateral barttin/Cl- channels mediate
the transcellular flow of chloride ions. At
physiological chloride concentration, the
electrical gradient across the airway epi-
thelium mainly generated by apical ENaCs
and the basolateral Na-K pump will drive
chloride absorption through the ionocyte
(Figure 1) (9). In other words, the physio-
logical role of pulmonary ionocytes is the
absorption of liquid from the apical ASL.

Segregation of CFTR-mediated

chloride secretion and absorption
Transcriptional profiling taught us that
most CFTR is expressed in absolute and

relative terms by secretory cells that lack
barttin/Cl- channels (5, 6). Thus, the secre-
tory cells drive chloride secretion through
apical CFTR channels (5) (Figure 1). In
summary, the airway epithelium segre-
gates electrolyte absorption to CFTR- and
barttin/Cl- channel-expressing ionocytes
and electrolyte secretion to CFTR-express-
ing secretory and basal cells. Ion flow and
the relative proportion of absorption and
secretion are driven by the electrical gradi-
ent across airway epithelia and by the spa-
tial distribution of the CFTR-expressing
cell types in the lung.

The authors’ finding that CFTR-me-
diated secretion and absorption of chlo-
ride ions in the lung are segregated by
cell type resolves an issue that gave rise
to conflicting hypotheses (1, 12) about the
etiology of the basic defect in CF discov-
ered in the early 1980s (13-15) and has
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puzzled scientists for decades. Now we
learn that opposite functions of CFTR are
allocated to different cell types. Such a
division of tasks may also apply to other
organs affected in CF such as the sweat
gland, where CFTR mediates B-adren-
ergic chloride secretion in the coil and
chloride reabsorption in the duct, both of
which are defective in CF (14, 15).

Implications for CF

The differential roles of CFTR in ASL vol-
ume homeostasis have implications for
future molecular therapies for CF lung dis-
ease. Mutations in the barttin gene BSND
cause congenital deafness and renal fail-
ure, but are not associated with lung dis-
ease (16). Hence, the correction of CFTR-
mediated absorption in ionocytes may
be not necessary to cure CF lung disease.
Conversely, targeting secretory and basal
cells could restore CFTR-mediated secre-
tion of chloride and bicarbonate to prevent
the typical clinical symptoms of CF lung
disease (5). By 2023, these options are rele-
vant for people with CF who do not produce
any mutant CFTR protein. More than 90%
of people with CF, however, can nowadays
benefit from the highly efficient triple ther-
apy with elexacaftor, tezacaftor, and iva-
caftor (17), which abrogates mucus plug-
ging as the first morphological symptom of
perturbed salt and water homeostasis in CF
lungs (18). Systemic therapy with the CFTR
modulators targets all organs affected by
CF and upon drug binding, mutant CFTR
adopts the conformation of wild-type
CFTR protein (19). In other words, pharma-
cological therapy with CFTR modulators
does not interfere with the delicate balance
of CFTR-mediated secretion and absorp-
tion of ASL and will probably remain more
efficacious in real life for the CF patient
community than any of the ongoing ambi-
tious attempts to correct the CFTR gene,
transcript, or protein (20).

Acknowledgments

CF-related research in the author’s labo-
ratory is supported by the German Cen-
ter for Lung Research (DZL), the Volk-
swagenstiftung and Niedersichsisches
Ministerium flir Wissenschaft und Kultur
(Big Data initiative, ZN3432), the Chris-
tiane Herzog Stiftung, and the Deutsche
Forderungsgesellschaft zur Mukoviszi-
doseforschung e.V.

J Clin Invest. 2023;133(20):e174667 https://doi.org/10.1172/)CI174667


https://doi.org/10.1172/JCI174667

The Journal of Clinical Investigation COMMENTARY

Address correspondence to: Burkhard
Timmler, Department for Pediatric
Pneumology, Allergology and Neona-
tology, Hannover Medical School, Carl-
Neuberg-Str. 1, Hannover D-30625 Ger-
many. Phone: 49.511.5322920; Email:
Tuemmler.Burkhard @mh-hannover.de.

superficial epithelia. Am J Respir Crit Care Med.
2021;203(10):1275-1289.
6. Deprez M, et al. A single-cell atlas of the human
healthy airways. Am ] Respir Crit Care Med.
2020;202(12):1636-1645.
Montoro DT, et al. A revised airway epithelial

potential difference across respiratory
epithelia in cystic fibrosis. N Engl ] Med.
1981;305(25):1489-1495.

14. Quinton PM. Chloride impermeability in cystic
fibrosis. Nature. 1983;301(5899):421-422.

15. Sato K, Sato F. Defective beta adrenergic

~

hierarchy includes CFTR-expressing ionocytes.
Nature. 2018;560(7718):319-324.
. Plasschaert LW, et al. A single-cell atlas

response of cystic fibrosis sweat glands in vivo
and in vitro. J Clin Invest. 1984;73(6):1763-1771.
16. Birkenhdger R, et al. Mutation of BSND causes

oo

—_

. Stoltz DA, et al. Origins of cystic fibrosis lung
disease. N Engl ] Med. 2015;372(4):351-362.

2. Zajac M, et al. Airway surface liquid pH reg-
ulation in airway epithelium current under-
standings and gaps in knowledge. Int J Mol Sci.
2021;22(7):3384.

. Riordan JR, et al. Identification of the cys-
tic fibrosis gene: cloning and characteri-

w

zation of complementary DNA. Science.
1989;245(4922):1066-1073.
4. Bell SC, et al. The future of cystic fibrosis
care: a global perspective. Lancet Respir Med.
2020;8(1):65-124.
. Okuda K, et al. Secretory cells dominate airway

w1l

CFTR expression and function in human airway

J Clin Invest. 2023;133(20):e174667 https://doi.org/10.1172/)CI174667

10.

1

_

12.

13.

of the airway epithelium reveals the
CFTR-rich pulmonary ionocyte. Nature.
2018;560(7718):377-381.

. Lei L, et al. CFTR-rich ionocytes mediate chlo-

ride absorption across airway epithelia. ] Clin
Invest. 2023;133(20):e171268.

Estévez R, et al. Barttin is a Cl channel beta-sub-
unit crucial for renal Cl reabsorption and inner ear
K* secretion. Nature. 2001;414(6863):558-561.

. Scholl U, et al. Barttin modulates trafficking and

function of CIC-K channels. Proc Natl Acad Sci
USA.2006;103(30):11411-11416.

Boucher RC. Airway surface dehydration in cys-
tic fibrosis: pathogenesis and therapy. Annu Rev
Med. 2007;58:157-170.

Knowles M, et al. Increased bioelectric

Bartter syndrome with sensorineural deafness and
kidney failure. Nat Genet. 2001;29(3):310-314.

17. Middleton PG, et al. Elexacaftor-tezacaftor-iva-

caftor for cystic fibrosis with a single Phe508del
allele. N Engl ] Med. 2019;381(19):1809-1819.

18. Graeber SY, et al. Effects of elexacaftor/

tezacaftor/ivacaftor therapy on lung clearance
index and magnetic resonance imaging in patients
with cystic fibrosis and one or two F508del alleles.
Am ] Respir Crit Care Med. 2022;206(3):311-320.

19. Fiedorczuk K, Chen J. Molecular structures reveal

synergistic rescue of AS08 CFTR by Trikafta
modulators. Science. 2022;378(6617):284-290.

20. Albers S, et al. Engineered tRNAs suppress

nonsense mutations in cells and in vivo. Nature.
2023;618(7966):842-848.



https://doi.org/10.1172/JCI174667
https://doi.org/10.1056/NEJM198112173052502
https://doi.org/10.1056/NEJM198112173052502
https://doi.org/10.1056/NEJM198112173052502
https://doi.org/10.1038/301421a0
https://doi.org/10.1038/301421a0
https://doi.org/10.1172/JCI111385
https://doi.org/10.1172/JCI111385
https://doi.org/10.1172/JCI111385
https://doi.org/10.1038/ng752
https://doi.org/10.1038/ng752
https://doi.org/10.1038/ng752
https://doi.org/10.1056/NEJMoa1908639
https://doi.org/10.1056/NEJMoa1908639
https://doi.org/10.1056/NEJMoa1908639
https://doi.org/10.1164/rccm.202201-0219OC
https://doi.org/10.1164/rccm.202201-0219OC
https://doi.org/10.1164/rccm.202201-0219OC
https://doi.org/10.1164/rccm.202201-0219OC
https://doi.org/10.1164/rccm.202201-0219OC
https://doi.org/10.1126/science.ade2216
https://doi.org/10.1126/science.ade2216
https://doi.org/10.1126/science.ade2216
https://doi.org/10.1038/s41586-023-06133-1
https://doi.org/10.1038/s41586-023-06133-1
https://doi.org/10.1038/s41586-023-06133-1
https://doi.org/10.1164/rccm.202008-3198OC
https://doi.org/10.1164/rccm.202008-3198OC
https://doi.org/10.1164/rccm.201911-2199OC
https://doi.org/10.1164/rccm.201911-2199OC
https://doi.org/10.1164/rccm.201911-2199OC
https://doi.org/10.1038/s41586-018-0393-7
https://doi.org/10.1038/s41586-018-0393-7
https://doi.org/10.1038/s41586-018-0393-7
https://doi.org/10.1038/s41586-018-0394-6
https://doi.org/10.1038/s41586-018-0394-6
https://doi.org/10.1038/s41586-018-0394-6
https://doi.org/10.1038/s41586-018-0394-6
https://doi.org/10.1038/35107099
https://doi.org/10.1038/35107099
https://doi.org/10.1038/35107099
https://doi.org/10.1073/pnas.0601631103
https://doi.org/10.1073/pnas.0601631103
https://doi.org/10.1073/pnas.0601631103
https://doi.org/10.1146/annurev.med.58.071905.105316
https://doi.org/10.1146/annurev.med.58.071905.105316
https://doi.org/10.1146/annurev.med.58.071905.105316
https://doi.org/10.1056/NEJM198112173052502
mailto://Tuemmler.Burkhard@mh-hannover.de
https://doi.org/10.1056/NEJMra1300109
https://doi.org/10.1056/NEJMra1300109
https://doi.org/10.3390/ijms22073384
https://doi.org/10.3390/ijms22073384
https://doi.org/10.3390/ijms22073384
https://doi.org/10.3390/ijms22073384
https://doi.org/10.1126/science.2475911
https://doi.org/10.1126/science.2475911
https://doi.org/10.1126/science.2475911
https://doi.org/10.1126/science.2475911
https://doi.org/10.1016/S2213-2600(19)30337-6
https://doi.org/10.1016/S2213-2600(19)30337-6
https://doi.org/10.1016/S2213-2600(19)30337-6
https://doi.org/10.1164/rccm.202008-3198OC
https://doi.org/10.1164/rccm.202008-3198OC

