CORRESPONDENCE

Rexford S. Ahima, M.D., Ph.D.
The Johns Hopkins School of Medicine
Baltimore, Maryland

Elena V. Batrakova, Ph.D.
University of North Carolina at Chapel Hill
Chapel Hill, North Carolina

Alexander V. Kabanov, Ph.D., D.Sc.
University of North Carolina at Chapel Hill
Chapel Hill, North Carolina

and

M.V. Lomonosov Moscow State University
Moscow, Russia

Vsevolod Y. Polotsky, M.D., Ph.D.
The Johns Hopkins School of Medicine
Baltimore, Maryland

ORCID IDs: 0000-0001-6188-0118 (S.B.); 0000-0002-2951-7535 (V.Y.P.).

*These authors contributed equally to this study.
TCorresponding author (e-mail: vpolots1@jhmi.edu).

References

1. Mokhlesi B. Obesity hypoventilation syndrome: a state-of-the-art review.
Respir Care 2010;55:1347-1362, discussion 1363—1365.

2. Berger S, Pho H, Fleury-Curado T, Bevans-Fonti S, Younas H,

Shin M-K, et al. Intranasal leptin relieves sleep-disordered breathing
in mice with diet-induced obesity. Am J Respir Crit Care Med 2019;
199:773-7883.

3. Banks WA, DiPalma CR, Farrell CL. Impaired transport of leptin across the
blood-brain barrier in obesity. Peptides 1999;20:1341-1345.

4. Berger S, Polotsky VY. Leptin and leptin resistance in the pathogenesis of
obstructive sleep apnea: a possible link to oxidative stress and
cardiovascular complications. Oxid Med Cell Longev 2018;2018:
5137947-5137947.

5. Fleury Curado T, Pho H, Berger S, Caballero-Eraso C, Shin M-K, Sennes LU,
et al. Sleep-disordered breathing in C57BL/6J mice with diet-induced
obesity. Sleep (Basel) 2018;41:zsy089.

6. Herrmann IK, Wood MJA, Fuhrmann G. Extracellular vesicles as a next-
generation drug delivery platform. Nat Nanotechnol 2021;16:748-759.

7. Haney MJ, Klyachko NL, Zhao Y, Gupta R, Plotnikova EG, He Z, et al.
Exosomes as drug delivery vehicles for Parkinson’s disease therapy.

J Control Release 2015;207:18-30.

8. Kim MS, Haney MJ, Zhao Y, Yuan D, Deygen |, Klyachko NL, et al.
Engineering macrophage-derived exosomes for targeted paclitaxel
delivery to pulmonary metastases: in vitro and in vivo evaluations.
Nanomedicine (Lond) 2018;14:195-204.

9. Haney MJ, Klyachko NL, Harrison EB, Zhao Y, Kabanov AV, Batrakova EV.
TPP1 delivery to lysosomes with extracellular vesicles and their enhanced
brain distribution in the animal model of batten disease. Adv Healthc
Mater 2019;8:e1801271.

10. Yuan D, Zhao Y, Banks WA, Bullock KM, Haney M, Batrakova E, et al.
Macrophage exosomes as natural nanocarriers for protein delivery to
inflamed brain. Biomaterials 2017;142:1-12.

11. Condos R, Norman RG, Krishnasamy |, Peduzzi N, Goldring RM, Rapoport
DM. Flow limitation as a noninvasive assessment of residual upper-
airway resistance during continuous positive airway pressure therapy of
obstructive sleep apnea. Am J Respir Crit Care Med 1994;150:475-480.

12. Freire C, Pho H, Kim LJ, Wang X, Dyavanapalli J, Streeter SR, et al.
Intranasal leptin prevents opioid-induced sleep-disordered breathing in
obese mice. Am J Respir Cell Mol Biol 2020;63:502-509.

13. Shin MK, Eraso CC, Mu Y-P, Gu C, Yeung BHY, Kim LJ, et al. Leptin
induces hypertension acting on transient receptor potential melastatin
7 channel in the carotid body. Circ Res 2019;125:989—-1002.

Copyright © 2022 by the American Thoracic Society

Correspondence

‘ '.) Check for updates

Elexacaftor/Tezacaftor/lvacaftor Disrupts Respiratory
Tract Development in a Murine Fetal Lung Explant Model

To the Editor:

The triple combination of CFTR modulators elexacaftor/tezacaftor/
ivacaftor (ETI) improves the clinical status of patients with cystic
fibrosis who are homozygous and heterozygous for F508 del and the
fertility of women with cystic fibrosis (1, 2). An increase in the
number of pregnancies is therefore expected among treated women,
leading to the birth of infants heterozygous for CFTR mutations.
Studies investigating the possible impact of this combination
treatment on fetal development are therefore required (3). We
investigated the effect of ETT on embryonic lung development
during the pseudoglandular stage in cultured lung explants from
heterozygous F508 del Cftr (Cftr™"”*) and wild-type (WT) mice
(4). We used this experimental strategy to assess the potential impact
on lung development in heterozygous fetuses from women with
cystic fibrosis treated with ETL.

Some of the results of these studies have been previously
reported in the form of a preprint (bioRxiv, 4 November 2021
https://www.biorxiv.org/content/10.1101/2021.11.01.466814v1).

Experiments were performed in accordance with European
Directive 2010/63/UE, with approval from the ethics committee for
animal experiments of Paris Descartes University (CEEA no. 34).

Lung explants were collected from E12.5 mouse embryos, as
previously described (5), and cultured in Dulbecco’s modified Eagle
medium (DMEM) for 72 hours. They were analyzed at baseline (T0)
and after 24 hours (T24), 48 hours (T48), and 72 hours (T72) of
culture. The number and diameter of the terminal buds at the
periphery of each sample were determined, as previously described
(6) and illustrated in Figure E1 in the data supplement. All embryos
of both sexes from a given litter were dissected and cultured. The
results are expressed as the ratio of the number of dilations in the
treated group to that reported in the DMEM/F12 littermate control
group.

CFTR protein activity was modulated by supplementing the
culture medium with ETT or with forskolin with and without
Inh-172 for 72 hours at the following concentrations: elexacaftor
(Selleckchem) (10 uM) + tezacaftor (Selleckchem) (10 uM) +
ivacaftor (Selleckchem) (100 nM), or forskolin (Sigma Aldrich)

(5 uM), to increase intracellular cAMP content and activate CFTR
phosphorylation, with and without the CFTR-specific inhibitor Inh-
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Figure 1. Effect of elexacaftor/tezacaftor/ivacaftor (ETI) on lung branching and bud dilation in lung explants from E12.5 Cftr™"E¥/* mouse

embryos. (A) Lung explants from Ctr™ B+ embryos cultured for 3 days in Dulbecco’s modified Eagle medium (DMEM)/F12 alone (A-D)
(n=231), or DMEM/F12 + ETI (E~H) (n=9). Scale bar, 1 mm. (B) Number of terminal buds at T24, T48, and T72, expressed as the percentage
increase in branching relative to baseline (T0). Data are expressed as the mean + SEM and were analyzed by two-way ANOVA. ****P<0.0001.
(C) Number of terminal bud dilations at T72 relative to the mean number of terminal bud dilations in the medium-only control group. The number
of terminal bud dilations is expressed as the mean = SEM percentage of buds presenting an increase in diameter to over 2 SD from the mean

value for the control group. Two group comparisons were performed in Mann-Whitney U tests. ****P < 0.0001.

172 (Sigma Aldrich) (5 uM). ETT and Inh-172 were diluted in DMSO
(dimethyl sulfoxide), and forskolin was diluted in ethanol.

We checked that DMSO and ethanol had no effect per se on lung
branching in culture relative to the medium (Figure E2).

Real-time polymerase chain reaction analyses of the
expression of Fgf10, Fgfr2I1Ib, Shh, and Hhip were performed with
RNA from E12.5 lung explants snap-frozen after 72 hours of
culture (Table E1).

Cftr expression was detected in lung explants from E12.5
embryos (Figure E3). There was no significant difference between
untreated lung explants from WT, F508 del heterozygous
Cftr™ " "and F508 del homozygous Cftr™ =™ embryos in
terms of lung branching or terminal bud dilation, at any of the time
points considered (Table E2 and Figure E3).

Exposure to ETI for 3 days significantly decreased branching
in lung explants from Cftr™™ ™" embryos, as demonstrated by
comparison with Cftr™F** embryos incubated with medium
alone. Mean lung branching in the ETI group was 51% * 8% (not
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significant [NS]) lower at T24, 72% = 3% (P < 0.0001) lower at T48,
and 78% = 2% (P << 0.0001) lower at T72 (Figure 1). ETT also
significantly increased the percentage of terminal buds dilated in
Cfir™"* Jung explants by 5.3-fold (0.3) (P < 0.001) after 72 hours,
relative to Cftr™ " embryos incubated with medium (Figure 1).
Similar effects of ETT were observed in WT mouse lung explants.
Incubation with ETI decreased lung branching by 39% =+ 12% (NS) at
T24,75% * 6% (P < 0.0001) at T48, and 79% * 4% (P < 0.0001) at
T72 in WT embryos, relative to incubation with medium alone.
The percentage of terminal buds dilated was also significantly
higher, by 5.7-fold (#0.3) (P=0.004) after 72 hours of culture, in the
ETI group than in WT embryos incubated with medium alone
(Figure E5). Incubation with forskolin reproduced the abnormalities
observed with ETI, with a significant decrease in lung branching at all
3 time points tested and a significant increase in the mean percentage
of terminal buds displaying dilation for WT embryos incubated with
forskolin relative to WT embryos incubated with medium alone
(Figure E6).
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The addition of Inh-172 to the culture medium, together with
forskolin, rescued the lung branching phenotype and terminal bud
formation (Figure E7). The concentrations of Fgf10, Fgfr2I1Ib, Shh,
and Hhip expression in lung explants from E12.5 Cftr"™ ™" and
WT embryos treated by ETI were significantly lower than those in the
group of explants treated with medium alone. The same expression
profile was observed in the presence of forskolin for Fgf10 and Hhip
in lung explants of WT embryos, with a partial reversion in the
presence of Inh-172. These findings contrast with the increase in
Fgfr2I11b and Shh expression observed after incubation with forskolin
(Figure E8 and Table E3).

We show that acute exposure to ETI at the pseudoglandular
stage of lung development negatively affects lung branching and
results in the formation of abnormal terminal dilations. These
abnormalities are at least partly related to CFTR activation, as a
similar, albeit milder, morphological pattern is observed in lungs
from WT embryos cultured with forskolin, and this phenotype is
partially reversed by the addition of the CFTR-specific inhibitor
Inh-172 to the medium. In the developing human lung, CFTR
expression is detected from Week 12 of gestation onwards (6)
and is involved in lung fluid secretion and airway budding, as
well as other less known cellular signaling pathways (7, 8, 9). Our
data suggest that the pharmacological activation of WT CFTR
may contribute to alterations in lung branching and the
formation of epithelial cyst-like structures by increasing fluid
secretion, as observed in the kidney epithelium (10). In the
context of F508 del heterozygosity, this would combine excessive
and continuous activation of the WT CFTR and the corrected
F508 del CFTR.

These morphological changes also seem to involve other
mechanisms, potentially off-target effects of the CFTR modulators,
as these drugs decrease transcript concentrations for a number of
genes involved in lung development and, more specifically, inhibit
FGF10 signaling. In the human lung, defective FGF10 and
FGFR2IIIb expression is associated with defective lung branching
and cyst-like dilations of terminal buds (11). The SHH signaling
pathway acts as a negative-feedback mechanism during lung
branching morphogenesis by inhibiting the local FGF10 signal (11).
In our dataset, the combined decrease in transcript concentrations
for Fgf10 and its receptor, Fgfr2IIIb, after ETI exposure would
ultimately lead to a total arrest of lung branching. By contrast, after
forskolin treatment, the increase in Fgfr2IIIb expression would be
expected to outcompete residual Shh expression, potentially
accounting for the partial maintenance of lung branching in this
condition.

The early mouse embryonic lung culture model is an extreme
model of exposure to ETT. However, our results call for caution
because ivacaftor, tezacaftor, and elexacaftor can cross the placenta
(12, 13). Schneider and colleagues investigated the placental transfer
and fetal concentrations of ivacaftor in the lungs and brain in E19 rats
(14). Mean placental diffusion was 40% = 20%, and the range of
concentrations of ivacaftor in lungs revealed 10-fold variation, with a
mean value of 12 ng/ml, because of high interindividual degrees of
variability in pulmonary diffusion, which ranged from 50% to 410%.
On the basis of this high degree of variability, the concentration of
ivacaftor used here (100 nMol or 39 ng/ml) can be considered to lie in
the same range. However, dose-response studies should be
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performed to obtain a better understanding of dose-response
relationships for these drugs. No data are currently available for the
fetal lung concentrations of tezacaftor and elexacaftor after passage
across the placenta.

As reported in the U.S. Food and Drug Administration
prescribing information for Trikafta (available at https://www.
accessdata.fda.gov/drugsatfda_docs/label/2021/212273s004Ibl.pdf),
the oral administration during organogenesis of elexacaftor,
tezacaftor, or ivacaftor to pregnant rats and rabbits, at doses leading
to higher concentrations of maternal exposure than the maximum
recommended dose for humans, resulted in no teratogenicity or
adverse developmental effects. However, no animal studies are
currently available concerning the effect of the simultaneous
administration of these three drugs. Furthermore, few data
are available concerning pregnancy outcomes in patients on
Trikafta (2, 15, 16). The results available have revealed no alarming
signals, with no obvious bronchial airway defects in the infants. The
decision to treat patients with Trikafta during pregnancy is
currently taken jointly by patients and physicians (15). Our results
suggest ETT exposure during lung development may interfere with
bronchial morphogenesis pathways. Even if it does not cause
malformations, antenatal exposure may affect the future lung
function trajectories of healthy heterozygous carrier infants with
expression later in life, as shown by prematurity and maternal
smoking, which are associated with abnormal lung growth and a
risk of chronic obstructive pulmonary disease in adulthood (17).
These findings argue for the close monitoring of such pregnancies
and follow-up of the resulting children after birth. H
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