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Transgenicferret models define pulmonary
ionocyte diversity and function
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Speciation leads to adaptive changes in organ cellular physiology and creates
challenges for studying rare cell-type functions that diverge between humans and
mice. Rare cystic fibrosis transmembrane conductance regulator (CFTR)-rich
pulmonary ionocytes exist throughout the cartilaginous airways of humans'?, but
limited presence and divergent biology in the proximal trachea of mice has prevented
the use of traditional transgenic models to elucidate ionocyte functions in the airway.
Here we describe the creation and use of conditional genetic ferret models to dissect
pulmonary ionocyte biology and function by enabling ionocyte lineage tracing
(FOXI1-Cre™™::ROSA-TG), ionocyte ablation (FOX/I-KO) and ionocyte-specific
deletion of CFTR (FOXII-Cref®™::CFTR""). By comparing these models with cystic
fibrosis ferrets®*, we demonstrate thationocytes control airway surface liquid
absorption, secretion, pH and mucus viscosity—leading to reduced airway surface
liquid volume and impaired mucociliary clearance in cystic fibrosis, FOX/I-KO and
FOXII-Cre™"::CFTR" ferrets. These processes are regulated by CFTR-dependent
ionocyte transport of CI"and HCO;". Single-cell transcriptomics and in vivo lineage
tracing revealed three subtypes of pulmonary ionocytes and a FOX/I-lineage common
rare cell progenitor for ionocytes, tuft cells and neuroendocrine cells during airway
development. Thus, rare pulmonary ionocytes perform critical CFTR-dependent
functions in the proximal airway that are hallmark features of cystic fibrosis airway
disease. These studies provide a road map for using conditional genetics in the first
non-rodent mammal to address gene function, cell biology and disease processes that
have greater evolutionary conservation between humans and ferrets.

Half a century ago, the first transgenic mouse containing the SV40
sequence was generated by Jaenisch and Mintz®>. Since that time,
sophisticated methods for manipulating the mouse genome have been
applied tostudy difficult questions related to gene function, stem cell
biology, organ regeneration and disease pathogenesis. Key to these
mouse modelsis the ability to conditionally manipulate gene function
in a cell-specific fashion®. Despite the incredible utility of transgenic
mice, evolutionary bifurcations in gene function and organ cellular

biology canlead to divergent phenotypes when modelling human
diseases. The lung is particularly notable in this regard, where muta-
tions in the CFTR gene lead to spontaneous bacterial colonization of
the lungin ferrets, pigs and humans, but not mice’. Such phenotypic
differences are thought to be the result of speciation in lung cellular
anatomy and function. For example, CFTR-rich pulmonaryionocytes
are associated with submucosal glands (SMGs) in the extrapulmo-
nary and intrapulmonary cartilaginous airways of humans, pigs and
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Table 1| Genomic information on CRISPR-Cas9 zygote targeting

Ferretline sgRNA sequence (PAM) sgRNA genomic cleavage site*  Length of homology arms Genomic site of
homology arms®
FOXI1-KO gRNA15-TGGTAAAGGCTCATCTCGGGG-3' gRNA1:72-95 NA NA

gRNA 2 5'-GCGGCCCCCCTATTCCTACTCGG-3'

gRNA 2: 368-391

FOXI1-Cre®™ gRNA 5'-CTAGACCTCGGTGCCCTCCCTGG-3' sgRNA: 2,579-2,602 Right: 952bp Right: 2,603-3,554
Left: 967bp Left: 1,635-2,602
CFTR'* gRNA-right: 5-TAGCTAAATCCTTTGGGAACTGG-3' dgRNA-right: 108,071-108,093 Right: 777bp Right: 108,077-108,853
gRNA-left: 5'-TATTTCCTGTTGAATGATGGAGG-3' JRNA-left: 107,612-107,631 Left: 703bp Left: 106,922-107,624

*ENSEMBL contig and bp length: CFTR ENSMPUG00000007138, 169,387 bp; FOXIT ENSMPUG00000012982, 2,602 bp.
bp, base pair; gRNA, guide RNA; NA, not applicable; PAM, protospacer adjacent motif; sgRNA, single-guide RNA.

ferrets"*®, whereas mice lack ionocytes, glands and cartilage in their

intrapulmonary airways.

Pulmonary ionocytes constitute approximately 0.5-1% of the car-
tilaginous airway epithelium in humans and the proximal trachea of
mice’? Although studies onionocytes (also called mitochondrial-rich
cells)infishgills and the frog skin epithelium have demonstrated spe-
cialized functions in ion transport and pH regulation®, their role in
the mammalian respiratory system remains largely unknown. The
forkhead box I1 (FOXI1) transcription factoris required for progenitor
specification ofionocytes in multiple species. Although Foxil-knockout
(Foxil-KO) mouse airway epitheliahave decreased Cftr expression, they
paradoxically have ‘Cftr-like’ anion transport that exceeds wild-type
airway epithelia’, suggesting this species has other cell types and/or
channels that can compensate for the lack of CFTR-expressing iono-
cytes. Given that cystic fibrosis mice do not spontaneously develop
lung disease, we sought to study pulmonary ionocyte function in the
ferret, aspeciesthatdevelopsa cystic fibrosis lung disease phenotype
similar to humans*.

Ionocytes regulate airway fluid properties

To investigate ionocyte functions in ferrets, we disrupted the FOX/1
gene (FOXI1-KO) using CRISPR-Cas9-mediated gene editing inzygotes
(Extended DataFig.1a-d and Table 1). FOX/1-KO ferret kidneys lacked
expression of the FOXI1 proteinand transcripts enriched inintercalated
cells (Extended Data Fig. 1e,f and Supplementary Fig. 1), consistent
with FOXI1 being required for specification of intercalated cellsin the
distal renal tubular epithelium®. FOX/I-KO ferrets developed cystic
kidneys and had fragile health with most not surviving until weaning
(8 weeks of age).

To assess pulmonary ionocyte functionin more detail, we measured
CFTR-mediatediontransportindifferentiated tracheal airway cultures
derived from age-matched wild-type and FOX/1-KO donors and grown
atanair-liquidinterface (ALI). Polarized FOX/1-KO airway cultures dem-
onstrated cAMP-inducible CFTR-mediated CI"and HCO;™ currents that
were 69% (P < 0.0001) and 68% (P < 0.0001) decreased, respectively,
compared with wild-type cultures (Fig.1a,b). These FOX/1-KO cultures
also demonstrated near absent messenger RNA expression of ionocyte
markers (FOXI1, BSND and ASCL3), as well as a 50% decrease in CFTR
mRNA expression (Fig. 1c). Furthermore, freshly excised FOX/1-KO
ferrettracheaproduced cAMP-inducible CFTR-mediated CI” currents
that were 73% (P =0.0025) lower than age-matched wild-type trachea
(Extended DataFig. 7a).

Active fluid absorption and secretion are fundamental processes
that maintain airway clearance, and CFTR plays amajor rolein regulat-
ing both fluid absorption and secretion by directing the movement of
Na*and CI” ions across the airway epithelium™. Studies have shown
that fish gill ionocytes pump out excess Na" and Cl™ ions in salt water
environments, and function to retain Na* and CI” ions in freshwa-
ter environments against a major concentration gradient'. Thus,
we proposed that pulmonary ionocytes might have similar roles in
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regulating airway surface liquid (ASL) homeostasis. To this end, we
measured ASL height and the rate of fluid absorption in polarized
FOXI1-KO, CFTR-KO and wild-type ALI cultures following a small vol-
ume challenge to the apical surface. Similar to human cystic fibrosis
cultures®, FOXII-KO ALI cultures demonstrated a 2.3-fold (P < 0.0092)
slower fluid absorption rate (Fig. 1d) and 40% reduction (P < 0.0001)
in ASL height at 24 h of equilibration, compared with wild-type cul-
tures (Fig. 1e and Extended Data Fig. 2e). Notably, the absorptive and
secretory phases of ASL height equilibration observed in wild-type
cultures werebothlostin FOX/I-KO and CFTR-KO cultures (Fig. 1e and
Extended DataFig. 2e). Micro-optical coherence tomography (LOCT)
imaging confirmed a decreased ASL depth in FOX/I-KO tracheae
compared with wild-type tracheae (P < 0.001) (Fig. 1f and Extended
Data Fig. 1h), whereas the periciliary liquid (PCL) layer height and
ciliary beat frequency (CBF) were unchanged between genotypes
(Extended Data Fig. 1h-j). Similar to human and pig cystic fibrosis
cultures™™, FOXI1-KO and CFTR-KO ferret cultures failed to alkalinize
the ASL following CFTR stimulation compared with wild-type cultures
(P<0.0001) (Fig.1g). However, baseline pH was significantly lower in
CFTR-KO cultures (P < 0.0001) compared with FOX/I-KO and wild-type
cultures (Fig. 1g). Notably, Foxi1-KO and Cftr-KO mouse airway ALI
cultures lack ASL pH and volume abnormalities'*, reinforcing evolu-
tionary divergence of pulmonary ionocyte functions in mouse versus
human and ferret airways.

CFTR-mediated CI” and HCO; secretion are thought to control
mucus viscosity in multiple cystic fibrosis-affected organs by respec-
tively regulating fluid secretion and Ca? chelation required for proper
unfolding of mucus'®. In cystic fibrosis airways, defects in these two
CFTR-dependent processes are thought to increase mucus viscos-
ity and impair mucociliary clearance (MCC)". As predicted by the
observed decreasesin ASL volume and HCO,™ secretion of FOX/1-KO and
CFTR-KOferret ALl cultures, both genotypes demonstrated increased
ASL viscosity relative to wild-type controls (Fig. 1h). Inagreement with
these findings, the absence of ionocytes in FOX/1-KO ferrets led to a
significant (P <0.0001) reduction in tracheal MCC compared with
wild-type controls (Fig.1i,j, Extended Data Fig. 1g and Supplementary
Video 1). The level of MCC impairment in FOX/I-KO ferrets was also
similar to CFTRSY/SSI cystic fibrosis ferrets removed from treatment
witha CFTR modulator (VX-770) that corrects the gating defectin the
CFTR®® channel (Fig. 1i,j and Supplementary Video 2). Furthermore,
CFTROSSI/GSID ferrets maintained on VX-770 had clearance rates equiva-
lent to wild-type ferrets, demonstrating the dependence of clearance
on CFTRfunction (Fig.1i,j). Collectively, these in vitroand in vivo data
demonstrate that pulmonaryionocytes are essential regulators of ASL
properties required for effective MCC in the proximal airways and their
absence largely recapitulates the cystic fibrosis phenotype.

Generation of transgenic ferret models

To study CFTR function in pulmonary ionocytes, we generated
two transgenic ferret models capable of lineage tracing ionocytes
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Fig.1|Depletion of pulmonaryionocytesimpairs CFTR-mediated
regulation of ASL volume, pH, viscosity and MCC. a,b, Change in short
circuit current (Alsc) for CI” (@) and HCO;™ (b) from ferret ALI cultures of the
indicated genotypes. F&I, forskolinand IBMX; WT, wild type. ¢, RT-qPCR for
ionocyte-enriched transcriptsinferret ALl cultures.d, Fluid absorption
showing the ASL height normalized to time zero following small volume
additionto the apical surface. Fluid absorptionrates are marked on the graph.
e, Changesin ASL height over time following small volume challenge (at O h) to
ALl cultures. Right schematic depicts absorptive and secretory phases of ASL
equilibration thatarealtered in FOX/1-KO and CFTR-KO cultures. f, pOCT
imaging of ferret tracheal ASL depth. ASL depths were compared by region of
interest (ROI) and animal averages. g, Alkalinization of ASL pHin ALI cultures
following CFTR stimulation with forskolin/IBMX. h, ASL viscosity in ALI
cultures.i, Invivo ferret tracheal MCC measured by PET/CT for the indicated

(FOXII-IRES-Cret®"%; hereafter called FOX/I-Cre®™™) and conditional dele-
tion of CFTR (herein called CFTR**) using CRISPR homology-directed
repair (HDR) (Extended Data Fig. 2a,b). To this end, we performed
HDR in ferret zygotes to target IRES-Cre®™®™ into the 3’ untranslated
region (UTR) of the FOX/I gene and to flank CFTR exon-16 with loxP
sites (Table1).

Toenablelineage tracing ofionocytes in vivo, FOXI1-Cre™" founders
were bred to ROSA-TG Cre reporter ferrets”, which harbour a transgene
that converts from Tomato to EGFP expression upon tamoxifen activa-
tion of Cre®™™ Tamoxifen induction of FOX/1-Cre™™::ROSA-TG ferrets
labelled pulmonaryionocytes in boththe surface airway epitheliumand
SMGs (Fig. 2a) and RNAscope confirmed these cells co-expressed CFTR,

genotypes and CFTRmodulator (VX-770) treatment status. j, Percentage
tracheal clearance at 10.5 min followinginstillation of radioactive tracer for
ferretsevaluatedinh. Dataare mean +s.e.m.for the nindicated ineachgraph
(ALl cultures or animals). Statistical significance was determined by: one-way
analysis of variance (ANOVA) and Sidak’s multiple comparisons test (a—c);
two-way ANOVA for graphed genotypic differences and two-tailed Student’s
t-test forrates (d); one-way ANOVA and Tukey’s multiple comparison test
(e,g,h,j); ROI by t-tests with pooled s.d. by Rand animal averages by paired
one-tailed Student’s t-test (f). The numbers of independent ferrets used for
eachexperimentwere:12WT, 9 FOX/1-KO (a); 10 WT, 8 FOX/1-KO (b); 6ineach
group (c,d); 9 WT, 10 FOX/1-KO, 3 CFTR-KO (e); 8ineach group (f); 6 WT,
5FOXI1-KO, 4 CFTR-KO (g); 6 WT, 4 FOXI1-KO, 3 CFTR-KO (h); 9 WT, 5 FOXI1-KO,
9 CFTR (i, j). DIDS, 4,4-diisothiocyanato-stilbene-2,2"-disulfonic acid; NS, not
significant; RT-qPCR, quantitative PCR with reverse transcription.

FOXI1and EGFPmRNA (Fig.2b). We also observed EGFP* cells labelled
inorgans knownto be enriched in FOXI1-expressingionocyte-like cells
in humans (kidney cortex and epididymis), in addition to previously
unstudied oesophageal glands (Fig. 2a).

Ionocytesrequire CFTR to transport anions

Given the small numbers of pulmonary ionocytes in the proximal
airway, it has remained unclear whether ionocytes directly partici-
pate in anion transport or rather serve some sensory role for direct-
ing anion movement through other luminal cell types. To enable
single-cell analysis of CFTR-dependent anion movement through
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Fig.2|Pulmonaryionocytesdirectly transport anionsin a CFTR-dependent
manner. a, lonocyte lineage tracing in tamoxifen-induced FOX/I-Cre™™:
ROSA-TG ferrets showing EGFP*ionocytes (white arrows) in the seminiferous
tubules of the epididymis, surface airway epithelium (SAE), airway submucosal
glands (SMGs), kidney tubules, oesophageal glands and ALI cultures (14 days of
differentiation). cd, airway SMG collecting duct. Bottom left panels show
RNAscope for FOXI1and CFTRinthe trachea. Representativeimageofn=3
independent ferrets. b, RNAscope demonstrating colocalization of EGFP, FOXI1
and CFTRtranscriptsin proximal tracheal SAE and SMGs of tamoxifen-treated
FOXII-Cre®f"%::ROSA-TG ferrets. Arrows mark traced ionocytes. Representative
image of n =3 independent ferrets. ¢, Workflow for halide quenching
measurementsinprimary ALI cultures of YFP sensor-expressing pulmonary

pulmonary ionocytes, we created FOX/1-Cre™ " airway basal cells

with anintegrated Cre-activatable fluorescent halide sensor (herein
called FOXII-CrefRT2:YFPHUSQUIS2L) which provides rapid and quantita-
tive assessment of halide transportin cells?® vial” sensitive quenching
of fluorescence relative to ClI” (Fig. 2¢,d and Extended Data Fig. 2c).
The frequency of ionocyte labelling following 4-hydroxytamoxifen
(OH-Tam) activation was similar between FOX/I-Cre™2%;;YFpH4se/isa
and FOXI1-Cre®™™::ROSA-TG ALI cultures (Extended Data Fig. 2d versus
Extended Data Fig. 8a).

To evaluate anion transport through ionocytes, OH-Tam-treated
FOXII-CrefRT2,;YFPHUSU/ISZL A] | cultures were preincubated with
chloride-containing buffer on the basolateral side during baseline
measurements and then apically challenged with a small volume
of I, CI” or Na-gluconate (CI” free) buffer containing forskolin and
3-isobutyl-I-methylxanthine (IBMX) to stimulate CFTR (Fig. 2c-e).
Results from these experiments demonstrated that only apical I,
but not CI” or Na-gluconate, stimulated quenching of YFP fluores-
cence intensity (P < 0.0001) (Fig. 2e-g, Extended Data Fig. 2g-i and
Supplementary Videos 3 and 4). Furthermore, addition of the CFTR
inhibitor GlyH101 significantly (P < 0.0001) inhibited I" quenching
of YFP and thus apical anion uptake into ionocytes (Fig. 2f,g and
Extended Data Fig. 2j). Similar imaging experiments demonstrated
that NKCC1 was required for ionocyte basolateral uptake of I, but
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ionocytes.d, Schematic of approach for evaluating apical halide movement
into pulmonaryionocytes using the YFP sensor. e, Representative live-cell
images showing pulmonaryionocyte YFP fluorescence following theindicated
apical halide exchange in WT and CFTR-cKO ALl cultures. The halide colour
schemeisfromd. Representative image of n=99ionocytes. f, Relative
single-cellionocyte YFP fluorescence intensity data following apical halide
exchange for theindicated ALI genotype (nrepresentsionocytes):n=28 (WT,
ClI");n=38(WT,I"); n=38(WT, GlyH101,1'); n =33 (CFTR-cKO, I'). Each group has
threeferretdonors. g, Areaoverthe curve of relative single-cellionocyte YFP
fluorescenceintensity for the datapresentedinf. Dataare mean +s.e.m.
Pvalues for theindicated comparisons were determined by one-way ANOVA
and Tukey HSD posttest usingR.

only when the ASL was dehydrated (Extended Data Figs. 2f, 3a-d and
Supplementary Results).

To conclusively demonstrate that CFTR was required for I uptake
into ionocytes, we performed similar experiments on FOX/1-Cref®":
YFPHUSQMS2L, CFTRYL (CFTR-cKO) ALl cultures (Extended Data Fig. 2a—c).
Following apical addition of I, CFTR-cKO ionocytes had significantly
(P<0.0001) impaired YFP quenching compared with wild-type
controls and achieved greater inhibition than that observed follow-
ing CFTR inhibition with GlyH101 (Fig. 2e-g, Extended Data Fig. 2k
and Supplementary Video 5). Last, positron emission tomography
and computed tomography (PET/CT) imaging of tracheal MCC
in FOXI1-Cre™"::CFTR"" ferrets was markedly reduced following
in vivo CFTR-deletion, compared with baseline MCC measurements
in the same animals before deletion of CFTR in ionocytes (Extended
Data Fig. 3e,f). Therefore, we conclude that ferret pulmonary iono-
cytes directly transport anions in a CFTR-dependent manner to
facilitate MCC.

Ferret proximal airway single-cell atlas

We profiled a total of 94,664 tracheal epithelial cells from wild-type
(n=4), FOXI1-KO (n=4) and FOXII-Cre®™®"%:ROSA-TG (n = 8) differ-
entiated ALI cultures derived from 12 independent donor ferrets
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Fig.3|Single-cell expression atlas of ferret proximal airway epithelial cells.
a, Study overview for scRNA-seq andionocyte enrichment. Created with
BioRender.com.b, UMAP of total tracheal epithelial cells captured across all
ferretgenotypes (WT, FOXII-KO and FOXI1-Cre®™™::ROSA-TG), coloured by
broad celltype.c, Cell-cell Pearson correlation coefficient (r, colour bar)
between each pair of cells (large clusters down-sampled to 200 cells for
visualization).d, Top, ferret tracheal whole-mountimmunostained for

using 10X Chromium droplet-based 3’ single-cell RNA sequencing
(scRNA-seq) (Fig. 3a). Methods for enriching rare ionocytes in our
dataset involve upstream isolation of lineage-traced (EGFP*) cells by
fluorescence-activated cell sorting (FACS) (Fig. 3a). After quality control
filtering (Extended DataFig.4a), we retained 77,099 high-quality cells for
further analysis. Unsupervised partitioning using the Louvain algorithm
gave rise to eight distinct clusters which we annotated on the basis of
known human cell-type gene expression signatures: basal, cycling basal,
secretory, goblet, ciliated, pulmonary neuroendocrine cell (PNEC), tuft
andionocyte (Fig.3b,c,e and Extended Data Fig. 4b,f,g), recapitulating
the cell types we previously observed using scRNA-seq data obtained on
mouse and human airways'?. We then defined gene expression signa-
tures for ferret proximal airway epithelial cells (Extended Data Fig. 4b,f
and Supplementary Table 1), including cell-type-specificion channels
(Fig.3e) and the complete channelome of all cell types (Extended Data
Fig.5and Supplementary Table 9). As anticipated, pulmonaryionocytes
were notidentified in FOX/I-KO tracheaand airway cultures (Extended
Data Figs. 6e-g,j—-m and 11g,h), consistent with FOXI1 being required
forionocyte specification'’. Multilineage differentiation potential of
ferretairway basal cells to ciliated and secretory cells was not affected by
disruption of FOXII (Extended data Fig. 6d-f); however, PNECs and tuft
cells were significantly reduced (false discovery rate (FDR) < 0.05,90%
predictioninterval) orincreased (FDR < 0.05,90% predictioninterval),
respectively, in FOX/I-KO cultures (Extended Data Fig. 6g). The reduc-
tion of PNEC numbers in FOX/1-KO cultures was further confirmed by
immunostaining and quantification (Extended Data Fig. 11g,h).

ATP6V1G3 (ionocyte) and AcTub (ciliated cells). Bottom, immunofluorescence
staining of ferretintralobar bronchial SMGs for ATP6V1G3 (ionocyte). White
arrows mark pulmonaryionocytes. Representativeimage of n =3 independent
ferrets. e, Top five enriched marker genes (left) and top enriched channels
(right), showing the expression levels and fraction of each cell type that
expressesthem.

We profiled 449 pulmonary ionocytes from wild-type and
FOXI1-Cre®™™::ROSA-TG ferret airway cultures and defined their con-
sensus gene expression signature. Ferret pulmonary ionocytes were
specifically enriched in four ATP6VO and nine ATP6V1 family pro-
ton pumps, chloride channels (CFTR and CLCNKA), BSND (activator
subunit of CLCNKA), NKCCl1 basolateral Na-K-Clsymporter (SLC12A2),
potassium channels (KCNK1, KCNQ1, KCNKS and KCNMAI), ENaC chan-
nel & and y subunits (SCNNIG and SCNN1A) and the ATPase Na*/K*
transporting channel (ATP1BI), consistent with unique functions
inion transport (Fig. 3e, Extended Data Fig. 4e and Supplementary
Table1).

We observed compensatory changes in gene expression of ion and
water channels (83 genes upregulated and 53 genes downregulated)
when comparing FOX/I-KO with wild-type cultures (Extended Data
Fig. 6h and Supplementary Table 2). Among the most significantly
upregulated genes in FOX/1-KO basal cells, ciliated cells, goblet cells,
secretory cells and PNECs were aquaporins (AQP3, AQP4, AQPS).
Notably, the ionocyte-enriched basolateral Na-K-Cl symporter
(NKCC1/SLCI2A2), whichis required for CFTR-mediated salt and fluid
secretion'’?, was significantly upregulated in FOX/1-KO basal cells,
gobletand secretory cells. SLC26A9, agene that hasbeen linked to cystic
fibrosis disease severity and CFTR modulator responsiveness?*?, was
also significantly upregulated in FOX/I-KO goblet cells. Significantly
downregulated genes in FOX/I-KO basal, secretory and ciliated cells
included ATPI2A, a proton pump involved in acidification of cystic
fibrosis ASL'®, and ATPIBI, an Na*'/K* ATPase.
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Ionocyte localizationin ferret airways

We assessed the localization of functionally relevantionocyte-enriched
ionchannels. To this end, we characterized CFTR, NKA (Na-K-ATPase)
and ATP6V1G3 (H' transporter) expression patterns in pulmonary
ionocytes of ferret trachea, primary bronchi and intralobar bronchi
(Extended Data Fig. 7b—k and Supplementary Video 7). Immunostain-
ing for theionocyte marker ATP6V1G3 confirmed their presenceinthe
tracheal surface epithelium and SMGs (Fig. 3d). Notably, ionocytes
were enriched in the airway surface epithelium within intercartilagi-
nous zones above SMGs, compared with the membranous regions
composed of trachealis muscle (Extended Data Fig. 6a-c). Consist-
ent with other species, CFTR was most highly expressed in ferret pul-
monary ionocytes and at lower levels in other cell types (Fig. 3e and
Extended Data Figs. 4e,f and 6j). Similar to fish gill ionocytes, NKA,
CFTRand ATP6V1G3 were enriched in pulmonary ionocytes. CFTR pro-
teinlocalized to what we have termed anionocyte ‘apical cap’, whereas
ATP6V1G3 localized to both the ionocyte apical cap and cytoplasm
(Extended DataFig. 7b,c,h and Supplementary Video 7). NKA protein
was enriched within abasolateral rim around the apical cap (Extended
DataFig.7d). Notably, singleionocytes can have more than one apical
cap (Extended DataFig. 7c), perhaps enhancing their capacity to direct
salt and fluid movement.

We next defined how channel composition in ionocytes differs
regionally at distinct locations in the airway. For example, proximal
tracheal ionocytes express higher levels of the NKA transporter com-
pared with primary bronchus (Extended Data Fig. 7d). Greater numbers
ofionocytes were found in trachea and primary bronchus (Extended
DataFig.7e,h), whereasionocytes in secondary bronchi were primar-
ilylocated in SMG primary ducts and collecting ducts (Extended Data
Fig. 7i,f). Notably, we found ATP6V1G3" ionocyte expansion in the
intrapulmonary bronchial SMG ducts of CFTRCS5Y/S55IP cystic fibro-
sis ferrets removed from treatment with a CFTR modulator (VX-
770) (Extended Data Figs. 7j,k and 8c,d). ALI cultures derived from
cystic fibrosis ferret tracheal airway basal cells demonstrated a lack
of CFTR-mediated currents (Extended Data Fig. 71) and a significant
increasein pulmonaryionocytes as assessed by the expression of tran-
scription factors FOX/1 and ASCL3 (Extended Data Fig. 7m,n).

Ionocyte fragility enhances ambient RNA

Our single-cell data significantly underestimated the frequency of
ionocytes in proximal airway epithelia. lonocyte-enriched 10X sam-
ples loaded 14,966 EGFP* cells and 77,145 Tomato* cells, which were
admixed following FACS isolation before running on eight 10X lanes.
Cell viability following FACS isolation was 61.8 + 6.3 for Tomato* cells
and 73.0 £ 2.5% EGFP* cells (n = 4). Following sequencing, only 434 iono-
cyteswereidentified compared with 37,299 cells in the Tomato* popula-
tion. This produced an apparent recovery rate that was about 16-fold
lower for EGFP*ionocytes compared with other Tomato* cell types. This
raised the possibility that ambient mRNAs derived from fragmented
ionocytes could be problematic when attempting to use scRNA-seq
datato assign the proportion of cells that express a transcript such
as CFTR. Indeed, we observed significant reductions in the percent-
ages of basal cells (FDR < 0.0001), secretory cells (FDR <0.0001) and
ciliated cells (FDR < 0.05) that expressed CFTR in FOX/I-KO cultures
lackingionocytes (Extended Data Fig. 6i), supporting the notion that
ionocyte damage during 10X capture may raise ambient RNA for genes
highly expressedinionocytes. Consistent with this notion, there was a
significant correlation of apparent secretory cell expression ofionocyte
marker genes (CFTR,ASCL3, FOXI1,BSND, CLCNKA and ATP6VIC2) with
thenumber ofionocytes detected ineach ALI culture captured by 10X
(Extended Data Fig. 9a). A subset of these genes also demonstrated
significant correlations with apparent ciliated and basal cell expression
(Extended Data Fig. 9a).
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To expand this analysis, we compared ionocyte proportion correla-
tionsfor all cell types with the top 30 most ionocyte-specific transcripts
and used the top 30 basal cell-specific transcripts as a control set of
non-ionocyte-associated transcripts (Extended Data Fig. 9b). We rea-
soned that ifionocyte damage or loss was contributing to spurious
detection of ionocyte-associated transcriptsin non-ionocytes, thenwe
would observe correlations betweenionocyte proportion andionocyte
marker transcripts, but not for basal cell marker transcripts. This trend
was indeed clearly observable, particularly for secretory cells, which
showed a significant positive correlation for their expression of 21 of
30 ionocyte markers. By contrast, secretory cell expression of only
10f 30 basal cell markers was positively correlated. Putative spuri-
ous expression of ionocyte transcripts was also observed in ciliated
cells (13 of 30) and to a lesser extent in basal cells (5 of 30), implicat-
ing cell-type-specific characteristics that are more prone to binding
ambient RNA. Notably, the transcript type also seemed to affect its
involvement as an ambient RNA target (for example, ASCL3 versus
ATPIBIinsecretory cells; ATP6VIC2in four cell types) (Extended Data
Fig. 9b). Together, this analysis provides evidence that damage dur-
ing 10X capture may raise ambient RNA for genes highly expressed in
ionocytes, particularly in secretory cells. These findings may partially
explainrecent claims that secretory cells are the predominant cell type
expressing CFTR (ref. 24).

FOXI1-lineage rare cell progenitor

Oursingle-cell datasuggested alarge differencein the recovery rate for
EGFP*ionocytes compared with other Tomato” cells. Further investiga-
tioninto this finding showed that enriched EGFP" cells contained tuft
cells (approximately 7%), PNECs (approximately 59%) and ionocytes
(approximately 34%), demonstrating that FOX/I-Cre™"lineage-labelled
all rare cell populations (Extended Data Fig. 4c-e). Of note, lineage
tracing in these scRNA-seq studies was performed using an approach
analogous to pulse-seq, by treating actively differentiating basal cell
cultures with OH-Tam on days 1-17 of moving to ALI. This was done
because a greater number of EGFP* cells were observed at full differ-
entiation (day 21), as opposed to OH-Tam treatment initiating on day
14 as performed for functional halide sensor assays. To confirm the
differences in rare cell labelling using these two FOX/1-Cre™™ tracing
protocols, we colocalized the panionocyte-specific marker ATP6V1G3
with EGFP. In cultures treated with OH-Tam on days 14-22 of differ-
entiation, 100% of EGFP"* cells also expressed ATP6V1G3 (Extended
DataFig.10d,e). By contrast, OH-Tam labelling on days 1-17 produced
40 +3.2% EGFP*ATP6V1G3* and 60 + 3.2% EGFP*ATP6V1G3™ cells
(Extended Data Fig. 10c,e). Taking into account that around 40% of
the 14,966 EGFP* cellsloaded onto the 10X were ATP6V1G3*ionocytes,
we estimated the recovery rate of viableionocytes was 7.3% compared
with 48% for the Tomato* population, emphasizing the limitation of
10X for quantifying the frequency of ionocytes in mixed populations
of airway epithelial cells.

Previous working models for rare cell types in the mouse trachea
have suggested that tuft cells, PNECs and ionocytes are indepen-
dently specified by Krt5* basal cells'. More recently, it has been sug-
gested that tuft cells are a common precursor of human PNECs and
iononcytes®. Our unintended FOXII-Cre™ "™ pulse-seq results dem-
onstrate that FOX/I is expressed in acommon rare cell progenitor of
tuft cells, PNECs and ionocytes (Extended Data Fig. 4c—e). We further
confirmed the existence of EGFP*SYP* PNECs by immunostaining in
FOXII-Cre™ ™ cultures treated with OH-Tam on days 1-17 (Extended
Data Fig. 10f,g). To assess the in vivo relevance of this finding during
airway development, we performed fate mapping in FOX/1-Cre™*™
neonatal and adult ferrets (Extended Data Fig. 11). Findings from the
study in neonates confirmed the existence of EGFP*SYP* PNECs and
EGFP'TRPMS5" tuft cells by whole-mount tracheal staining and dem-
onstrated that FOX/I-Cre traced EGFP* cellsincluded ionocytes (74.5%,
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and mouse (MT-ATP6, MT-ATP8, ATP5PD and CLCNKB are not annotated in ferret

ATP6V1G3*), PNECs (8.6%, SYP*) and tuft cells (6.5%, TRPM5") (Extended  that a shared FOXII-lineage progenitor gives rise to ionocytes, PNECs
Data Fig.11a,b,d,e). FOX/1-Cre traced PNECs were found interacting  and tuft cells during ferret airway development.

with nerve fibres (Extended Data Fig. 11d). By contrast, lineage tracing

of adult FOXI1-Cre®™::ROSA-TG ferrets demonstrated that 95.7% of

EGFP* cells were ATP6VIG3*ionocytes (Extended DataFig. 11a-c)andno ~ Three subtypes of pulmonary ionocytes

traced PNECs or tuft cells could be found (Extended Data Fig.11f). The  lonocytes have been called ‘mitochondrial-rich cells’and ‘chloride secret-
observed 4.3% of EGFP*ATP6V1G3™ cells in adult trachea is consistent  ing cells’in the fish gill?. Subtypes of ionocytes have beenidentified in
with asmall fraction of ionocytes (approximately 4%) demonstrating  rainbowtrout, killifish, tilapia and zebrafish on the basis of differing trans-
no ATP6VIG3 expression by scRNA-seq (Fig. 4c). Thus, we conclude  porting functions”. Pisam and colleagues have described two subtypes
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Fig.4|Distinct subtypes of pulmonary ionocytes exist and respond to
osmoticstress.a, UMAP of 449 ionocytes coloured by subcluster.b, Type A, B
and Cionocyte gene expression signatures showing relative expression
(Z-score of log,(TPM +1)). ¢, Distribution of expression levels (log,(TPM +1))
forionocyte subtype markers (white circle, mean; error bars, 95% confidence
interval;n=449ionocytes from 8 donors; Pvalue, Wilcoxon).d, Ingenuity
pathway analysis of differentially expressed ionocyte subtype genes showing
top significantly associated diseases and functional pathways (right-tailed
Fisher’s exact test). e, RNAscope validation of ionocyte subtypes using
cytospunsamples from ALl cultures. Representativeimage of n =36 ionocytes.
f, Differentiated FOX/I-Cre™™::ROSA-TG ALI cultures induced with OH-Tam and
later pulsed-labelled with EdU. Cultures were then stained for Ki67 or EdU.
Representativeimage of n=20ionocytes. g, Osmosensoryionand water channel
gene expressionindifferent cell types. h, Hyperosmotic and hypoosmotic
conditionsinduce opposing forces on ASL hydration. Left, differentiated ALI

of mitochondrial-rich cells called ‘a-chloride cells’and ‘B-chloride cells’
in freshwater trout with electron-dense and -light appearance®. Mam-
malian kidney intercalated cells are functionally related to ionocytes,
andintercalated cells have three described subtypes, type A (A-IC), type
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cultures were exposed to hyperosmotic (+77 mOsm) and hypoosmotic

(=77 mOsm) basolateral media for 24 hand ASL height was measured at O and
24 hfollowing small volume addition to the apical surface. Dataare mean + s.e.m.
Statistical significance by paired two-tailed Student’s t-test (n =4 donors, each
using 2 cultures). Right, quantification ofionocyte numbersin 21 days ALI
cultures maintained under hyperosmotic and hypoosmotic conditions
throughout basal cell differentiation. Dataare mean + s.e.m. Statistical
significance by paired two-tailed Student’s t-test (hyperosmotic: n=5donors, 1
culture per donor, quantified as FOX/I-Cre®® ™ EGFP" cells; hypoosmotic: n =4
donors, each using 2-3 cultures, quantified as ATP6V1G3* cells).i, Changesin
subtype marker gene expression by RT-qPCR in ALI cultures maintained under
hypoosmotic or hyperosmoticstress asinh. mRNA fold change was calculated
by the AAC, method. Statistical significance was determined by paired two-tailed
Student’s t-test (n=4 donors, each using 3 cultures). TPM, transcripts per million.

B (B-IC) and nonA-nonB. To evaluate whether subtypes of pulmonary
ionocytesalso exist, we re-clustered pulmonary ionocyte transcriptional
signatures. lonocytes partitioned into three clusters (Fig. 4a) defined by
distinct transcriptional programs (Fig. 4b,c).



Type A pulmonary ionocytes contained 127 upregulated genes
(adjusted P< 0.05, log,-transformed fold change > 0.50), including
the Na-K-2Cl cotransporter-1 (NKCCI; encoded by SLC12A42), the ami-
loride sensitive epithelial sodium channel (ENaC) a and y subunits
(SCNNIA and SCNNIG), the CLC voltage gated chloride channel CLC-Ka
(CLCNKA) and the Barttin CLCNK type accessory beta subunit (BSND)
required for CLC-K channel activation (Supplementary Table 3). Type
Aionocytes also shared expression of the tilapia gill type lllionocyte
marker SLCI2A2 (ref. 27), which we confirmed with RNAscope (Fig. 4e),
and several other markers of type Illionocytes were also expressed in
type A pulmonaryionocytes (Supplementary Table 3). We also observed
two phenotypes ofionocytes expressing BSND and/or FOXI1in human
ALl cultures (Extended Data Fig.10b). Ingenuity pathway analysis (IPA)
of the differentially upregulated genes in type A ionocytes revealed
associated pathways including oxidative phosphorylation, mitochon-
drial function and tricarboxylic acid (TCA) cycle signalling pathways
(Fig. 4d, Extended Data Fig. 10a and Supplementary Table 4). Each
of these pathways is closely associated with mitochondrial energy
production, whichis consistent with type A pulmonary ionocytes hav-
ing similar biology to mitochondrial-rich cells in other species. The
activation of the aldosterone signalling pathway in type A ionocytes
(Extended DataFig. 10a) is notable, given its known role in increasing
ENaCa expression and proteolytic processing of the ENaCy subunit
required for channel activation®. These features of type A pulmonary
ionocytes align with known ion/osmoregulatory roles of ionocytes in
other systems.

Type B pulmonary ionocytes contained 165 upregulated genes
(adjusted P< 0.05, log,-transformed fold change > 0.5) (Supplementary
Table 3),including KRT7, proton pumps genes ATP6AP2 and ATP6VIF,
a chemotactic gene CXCL6 that recruits neutrophils, and MHC II
antigen presentation genes CD74, HLA-A, HLA-DQAI and HLA-DRIB
(Fig. 4b,c). RNAscope confirmed co-expression of KRT7, CFTR and
EGFPin FOXI1-Cre®™®" lineage-labelled type B ionocytes (Fig. 4¢). The
type B ionocyte was also characterized by a unique set of enriched
genes functionally relevant to inflammatory response, IL-8 signalling
and infectious disease pathways (Fig. 4d, Extended Data Fig. 10a and
Supplementary Table 5).

Type C pulmonary ionocytes contained 500 upregulated genes
(adjusted P< 0.05, log,-transformed fold change > 0.5) (Fig.4a-cand
Supplementary Table 3) having biological functions closely associated
with cellular movement and cell proliferation (Fig. 4d, Extended Data
Fig.10aand Supplementary Table 6). Pulmonary ionocytes have been
thought to be terminally differentiated’; however, we found that asmall
subset of FOX/1-Cre®™®" tracedionocytes in ALI cultures were EGFP*Ki67"
and alsoincorporated the 5-ethynyl-2'-deoxyuridine (EdU) nucleotide
after tracing (Fig. 4f). Further supporting enriched genes with biologic
functions in cellular movement pathways, a subset of ionocytes was
observed to have highly dynamic appendages under time-lapse live
ionocyteimaging of lineage-traced cultures (Supplementary Video 6).
The highly expressed CXCL17 geneintype Cionocytes has potent anti-
microbial activity and also functions as a chemoattractant to recruit
immature dendritic cells and monocytes to the lung®, whereas enrich-
ment in aquaporin gene expression (AQP3, AQP4 and AQPS) suggests
this subtype may play a unique role in water transport (Fig. 4b,c and
Supplementary Table 3). Notably, these same aquaporins were signifi-
cantly upregulated inbasal and luminal cell types of FOX/1-KO epithelia
(Extended DataFig. 6h and Supplementary Table 2), suggesting com-
pensatory expressionin the absence of ionocytes.

Osmotic stress altersionocyte phenotype

Osmoregulation, which maintains the osmolarity of fluid surround-
ing cells, is a key feature of ionocytes across species and extensively
studied in fish adaptation to environmental changes in salinity'®*. In
the mammalian kidney, osmoregulation is coordinated by principal

cellsandintercalated cells of the collecting ducts, which control water
movement, acid-base regulation, and Na*, CI", K' and Ca® homeosta-
sis®. Similar processes are thought to be important in maintaining
the osmolality of ASL, which at homeostasis in the mouse trachea is
isosmotic (330 £ 36 mOsm) with serum, but under evaporative stress
canincrease to greater than 400 mOsm (ref. 33).

Given thationocytes expressed high levels of several osmosensory
channelgenes (ATP1A1,ATP1B1and TRPV2) (Fig. 4g), we proposed that
pulmonary ionocytes may also participate inosmoregulation by airway
epithelia. To investigate this possibility, we exposed fully differenti-
ated ferret ALI cultures to slightly hypertonic or hypotonic basolat-
eral media (+77 mOsm I NaCl) and observed ASL heights that were
significantly lower (P=0.00312) or higher (P=0.00333), respectively,
than isosmotic conditions (Fig. 4h). Continuous exposure of actively
differentiating basal cells at ALI to hypertonic and hypotonic conditions
significantly increased (hypertonic: 7.3-fold, P= 0.0088; hypotonic:
2.7-fold, P=0.0224) the number of ionocytes at full differentiation
(21 days), compared with isosmotic controls (Fig.4hand Extended Data
Fig.8a,b). Hyperosmotic stress decreased the expression of CFTR and
the type Bionocyte marker /D3, whereas itincreased the expression of
thetype Cionocyte marker CXCL17 (Fig.4i). By contrast, hypoosmotic
stressincreased the expression of CFTR, type Bionocyte marker/D3and
type Aionocyte marker SCNNIA (ENaC) (Fig. 4i). The observed changes
in CFTR expression under hyperosmotic or hypoosmotic stress (Fig. 4i)
are consistent with the changes in abundance of type C and/or type B
ionocytes, which have significantly different (P=1.8 x107) levels of
CFTR expression (Fig. 4c).

Interspecies comparisons of rare cell types

Tobetter understand functional differences between ferretand mouse
pulmonary ionocytes, we performed an interspecies comparison of
human, ferretand mouse rare cell transcriptomes using publicly avail-
able scRNA-seq datasets (Fig. 5and Extended Data Fig.10h). These stud-
ies demonstrated that the human pulmonaryionocyte transcriptional
signature was significantly more similar to ferret than to mouse iono-
cytes (Fig. 5i). This similarity extended to human and ferret ion chan-
nelsincluding BSND, ATP6V1G3and five other channels not expressed
in mouse ionocytes (Fig. 5g). By contrast, tuft cells and PNECs from
ferret and mouse were equally divergent at the transcriptional level
from their human counterparts (Fig. 5i).

Uniform manifold approximation and projection (UMAP) clusters
ofrare cell type from human, ferret and mouse revealed anew popula-
tion of cells (Fig. 5a,b) with overlapping PNEC, ionocyte and tuft cell
transcriptional signatures. This unique population contained a sub-
set of cells expressing lower levels of tuft (TRPMS), PNEC (CHGA) and
ionocyte (FOXI1) marker genes (Fig. 5c-e) and thus seemed tobe a
rare cell progenitor population at an intermediate stage of differen-
tiation. This finding is somewhat consistent with previous work that
proposes tuft cells are the precursors ofionocytes and PNECs?. Top dif-
ferentially expressed genes inthis rare cell progenitor, compared with
fully differentiated transcriptomes of tuft cells, PNECs and ionocytes,
included SCGB3A2, CXCL17,KRT4and HES1,among others (Fig. Shand
Supplementary Table 11), and its most specific transcription factor was
FOXQI (Extended Data Fig. 12d). Furthermore, a small subset of cells
in this rare cell progenitor cluster expressed FOX/I (Fig. 5e) and also
contained asmall fraction of ferret EGFP* FOXII-Cre™ " lineage-labelled
cells (Fig. 5f), consistent with in vivo and in vitro FOX/1-Cre lineage
tracing of the threerare cell types during airway development or basal
cell differentiation, respectively.

Wenextisolated the 1,497 rare cell types (PNECs, tuft cells,ionocytes
and rare cell progenitors) from our scRNA-seq profiling of ferret air-
way epithelial cells and fitted the partition-based graph abstraction
(PAGA) algorithm®* (Extended Data Fig. 12a-c). The low-dimensional
PAGA embedding recapitulated the expected cellular topology, with
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Fig. 6| Models for pulmonaryionocyte anion transport functionina
multicellular airway epithelium. a,b, Pulmonaryionocytes (yellow) functionin
acell-autonomous manner to facilitate anion movementacross airway epithelia
required for fluid absorption (a) and fluid secretion (b). c,d, Multicellular
ionocyte-dependentanion movement utilizing electric coupling through gap
junctionsto facilitate fluid absorption (c) and fluid secretion (d). The second
models propose that Na*and K" electrical driving forces in cells coupled to
ionocytes collectively drive CI” absorption and secretion through CFTRin
pulmonary ionocytes. Inbothmodels, the ionocyte channels shown were
differentially enriched in the pulmonaryionocyte transcriptome. ORCC,
outward rectifying CI” channel.

putative progenitor cells linked with each of the mature cell-type clus-
ters (Extended Data Fig. 12d). We fitted an elastic principal graph® to
the data, whichidentified abranching trajectory consistent withinter-
pretation of the progenitor cluster as the precursor for all three of the
mature rare types (Extended Data Fig. 12¢). Our trajectory inference
described above provided a framework to assess the relationship of
ionocyte subtypes. By projecting the cells in each ionocyte subclus-
ter onto the principal graph topology (Extended Data Fig. 12a,b), we
observed that the type C ionocytes are most similar to the rare cell
progenitor, which would be consistent with this subtype giving rise
to both type A and B ionocytes. Supporting this notion are our data
(Fig.4f) demonstrating that type Cionocytes canreplicate and havea
proliferative transcriptomic signature (Fig. 4d). Type Cionocytes were
also the least abundant of the ionocyte subtypes, which is consistent
with a progenitor cell state.

Conclusions
Here we applied conditional genetics and fate mapping in ferrets
to dissect the biology and function of pulmonary ionocytes. Func-
tional studies and the channelome of pulmonary ionocytes support
cell-autonomous movement of CI"and HCO; toregulate ASL volume,
pH, viscosity and airway clearance (Fig. 6 and Supplementary discus-
sion). Notably, ionocytes maintain homeostatic ASL height of the airway
epithelium by controlling both absorption and secretion. Single-cell
transcriptomic profiling of lineage-traced ionocytes using pulse-seq
revealed previously unknown diversity, defining three ionocyte sub-
types and acommon rare cell progenitor during airway development
that specifies ionocytes, tuft cells and PNECs. Type C ionocytes seem
most closely related to thiscommonrare cell progenitor and thus seem
to be acommitted progenitor of type A and Bionocytes.

Collectively, these studies provide a path for using precision genome
editingin ferrets to study the function of evolutionarily divergent cell
types between humans and rodents and a proximal airway single-cell
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transcriptional atlas of utility for studying lung disease in ferret models.
Thegeneticapproaches applied hereinthe ferret can be used to study
individual cell-type contributions to genetic disease statesinany organ
and the stem cell compartments that mediate tissue repair.
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Methods

Generation and use of transgenic ferret models

Allanimal experimentation was approved by the Institutional Animal
Care and Use Committee of the University of lowa. Existing trans-
genic models used in these studies included CFTR-KO ferrets**® and
CFTRCSSIP/CSSIP ferrets*, Animals were distributed into experimental
groups based on genotype and were not randomized. Blinding was
not necessary in this study since assays used unbiased quantification
methods. Sex was not considered a variable due to the difficulty in
obtaining anequal distribution of genders when using transgenic fer-
rets. No statistical methods were used to predetermine sample size.
Ferrets were outbred on a sable coat colour background. The age of
animals tested is given in the Reporting Summary.

Zygote manipulation and adoptive transfer of embryos. Ferret zy-
gotes were collected as previously described from sable ferret mat-
ings®. Cas9 ribonucleoprotein complex, at a final concentration of
400 ng pl™, was injected into zygote pronuclei (around 3-5 pl) using
a FemtoJet (Eppendorf). When a DNA template was used to facilitate
homologous recombination, linear DNA was added at a final concen-
tration of 40 ng pl™. To assemble Cas9/sgRNA ribonucleoproteins,
1uMsgRNAwasincubated with 1 tM Cas9 proteinin IDT Duplex Buffer
for 30 min at room temperature. Injected embryos were cultured in
TCM-199 + 10% FCS medium overnight to the two-cell stage before
being transferred into primipara pseudopregnantjills®*. The kits were
naturally delivered 42 days after adoptive transfer (full-term gestation).

Generation of sgRNA and DNA templates for homologous recom-
bination in ferret zygotes. The sgRNAs targeting FOXI1 exon-1, FOXI1
3’UTRand CFTR exon-16 were designed using the Broad Institute GPP
and/or CRISPORtool. AllsgRNAs usedin this project arelisted in Table 1.
sgRNAs were generated fromin vitro transcribed gBlocks synthesized
by Integrated DNA Technologies and included all components neces-
sary for sgRNA production (thatis, T7 promoter, target sequence, guide
RNA scaffold and termination signal). gBlocks were PCR amplified using
primers gRNA-fwd and gRNA-rev (Table1). The T7-sgRNA PCR products
were gel purified and used as the template for in vitro transcription us-
ing MEGAshortscript T7 kit (Ambion). All sgRNAs were then purified
using MegaClear Kit (Ambion) and eluted in RNase-free water.

FOXI1gene homology arms for insertion of the IRES-Cre®f™ cassette
were generated as gBlocks with unique restrictionsites and cloned into
aplasmid flanking the IRES-Cre®™ ™, Similarly, CFTR exon-16 homology
arms containing loxPsites were synthesized as gBlocks and clonedintoa
plasmid flanking exon-16. Inboth cases, silent blocking mutations were
introduced into the sgRNA binding sequence to prevent cleavage of
the donor fragment following HDR. sgRNA sequences, genomic target
sites and length of homology arms with genomic positions are listed
inTable1for each of the models created.

Molecular characterization of transgenic ferret models. Genomic
DNA was generated from tail clips as previously described* and used
forinitial genotyping of founders by PCR. Putative FOX/I-KO founder
DNA was screened using a set of primers that resided external to the
sgRNA cut sites, whereas FOXII-Cre™ " and CFTR"* candidate founders
were screened using two sets of primers to capture genomic flanking
sequences outside the right and lefthomology arms (that is, one primer
internal and another primer external to the homology arm) (Supple-
mentary Table 7). To confirm integrity of the targeted sequences in
candidate founders, two further assays were performed: (1) the entire
region of the donor fragment and flanking genomic sequences were
subjected tonested PCR and the products were Sanger sequenced; and
(2) Southernblotting was performed using restriction enzyme digests
and locus-specific probes that mapped the length of endogenous and
transgene-derived fragments for both arms flanking the insertion. A

Cre probe was also used to map the FOX/I-Cre®™ " locus. Finally, pri-
mary fibroblasts were generated from CFTR* and wild-type ferrets and
treated with TAT-CRE (or untreated) toinduce deletion of the 482 base
pairs (bp) CFTR exon-16 fragment. Deletion was confirmed by PCR of
the region and analysis of PCR products on agarose gels: wild-type
(1,230 bp), intact loxPallele (1,298 bp) and deleted loxPallele (816 bp).

Husbandry and specialized care of FOXI1-KO ferrets. FOX/1-KO
kits are very fragile and show a head tilt/circling phenotype shortly
after birth that can affect their ability to feed. FOX/1-KO ferrets have
balance disturbances early in life, probably due to a lack of pendrin
(SLC26A4) expression in the inner ear and the expansion of the endo-
lymphatic compartment. Impaired kidney function due to cyst forma-
tion also affected overall health. A rearing protocol was developed to
increase FOX/1-KO kit survivability. From birth, FOX/1-KO kits were
weighed every 24 h. Those animals that demonstrated a decline in
weight gain were supplemented with oral Elecare baby formula (Abbott
Laboratories) every 4-6 h. The frequency and amount of Elecare hand
fed was adjusted on the basis of the weight and size of the developing
kit and veterinarian directed. When kits demonstrated the ability to
eat solid food (about 5 weeks of age), they were also offered a canned
supplemental diet (Purina) inaddition to hand feeding. After weaning
at 8 weeks of age, they were transitioned onto asolid food diet consist-
ing of solid chow (Marshall Farms), a hydrated solid chow mash and
canned cat food (Purina).

Lineage tracing pulmonary ionocytes in FOX/1-Cre®™®"%::ROSA-TG
ferretsand ALI cultures

FOXI1-Cre™ " ferrets were crossed to ROSA-TG Cre reporter fer-
rets” to obtain hemizygous offspring for lineage tracing. In vivo
FOXI1-Cre™ ™ lineage tracing was performed by five sequential daily
intraperitoneal injections of tamoxifen (20 mg kg™) to 1-month-old
and 5-month-old adult ferrets. At 7-10 days later, tissues were fixed
in4% PFA for 24 h, cryoprotected in sucrose and embedded into OCT
block or processed for whole-mount staining. Cryosections (8 pm)
were used for immunofluorescence and mounted with DAPI solution
for confocalimaging. For lineage tracing invitro, ALI cultures derived
from FOXI1-Cre®™™::ROSA-TG ferret basal cell cultures were treated with
2 pM 4-hydroxytamoxifen (OH-Tam) in ethanol or vehicle alone (etha-
nol) using two different experimental procedures: (1) For scRNA-seq
experiments, cultures were treated with OH-Tam during differentia-
tion at ALI from day 1to day 17 (medium change every other day) and
cells were collected at 21 days of ALI. This was done because it gave
rise to a greater number of EGFP” cells in the cultures following full
differentiation. (2) For functional halide transport studies using the
YFP sensor, ALI cultures were treated with OH-Tam starting on day 14
after moving to an ALl and cultures were moved to a new plate in the
absence of OH-Tam 2 days before functional imaging studies (on days
22t028 of ALI).

Immunofluorescence and antibodies

Paraffin sections (5 um) and cryosections (8 pm) were treated for
epitoperetrieval with10 mM citrate buffer at 95 °C for 20 min and per-
meabilized with 0.1% Triton X-100 in PBS. Sections were then blocked
in10% donkey serum/PBS for 1 h at room temperature and primary
antibodies were applied and incubated at 4 °C overnight. Slides were
then washed three times for 15 min and incubated with secondary
antibodies for1hatroomtemperature. Slides were washed and coun-
terstained with DAPI for confocal imaging. The following antibodies
were used: anti-BSND (1/500; ab196017, Abcam), anti-FOXI1 (1/500;
ab20454, Abcam), anti-Keratin 5 (1/500; 905501, Biolegend), anti-SYP
(1/200; sc-17750, Santa Cruz Biotechnology), anti-acetylated Tubulin
(1/1,000, T7451, Sigma-Aldrich), anti-ATP6V1G3 (1/500, HPA028701,
Sigma-Aldrich), anti-NKA (1/100, a5, DHSB, UIOWA), anti-Ki-67
(1/500, 14-5698-82, eBioscience), anti-EGFP (1/300, ab13970, Abcam),



anti-CFTR (1/100t01/300, CFTR antibody 596, cftrantibodies.web.unc.
edu), anti-TRPMS5 (1/300, ACC-045, Alamone), anti-p63 (1/300, clone
poly6190, STEMCELL Technologies), anti-Muc5B (1/300, HPAO08246,
Sigma), anti-Muc5AC (1/300, ab3649, Abcam), Alexa Fluor 647 donkey
anti-mouse IgG (1/250, A31571, Molecular Probes), Alexa Fluor 488
donkey anti-goat IgG (1/250, A11055, Invitrogen), Alexa Fluor 488 don-
key anti-chicken IgG (1/250, 703-546-155, Jackson ImmunoResearch),
Alexa Fluor 488 donkey anti-rabbit IgG (1/250, A21206, Invitrogen),
Alexa Fluor 568 donkey anti-goat IgG (1/250, A-11057, Jackson Immu-
noResearch), Alexa Fluor 647 donkey Anti-Rabbit IgG (1/250, 711-606-
152, Jackson ImmunoResearch), Alexa Fluor 555 donkey Anti-mouse
1gG (1/250, A31570, Life Technologies). EdU staining was performed
according to the manufacturer’s instructions (C10340, Click-iT EAU
Cell Proliferation Kit for Imaging, Alexa Fluor 647 Dye).

Whole-mount ferret tracheaimmunofluorescence staining for
ionocytes, tuft cellsand PNECs

Ferrettracheae and dissected intralobar airways were fixed overnightin
4% paraformaldehyde, then washed three timesin PBS for 30 mineach.
Fixed ferret tracheae could thenbe placed in 70% ethanol at -20 °C for
extended storage. Staining for ionocyte markers used CFTR (cftran-
tibodies.web.unc.edu, CFTR antibody 596, working dilutions: 1:100
to1:300), ATP6V1G3 (Millipore Sigma, HPA028701, working dilution:
1:300) and NKA (dshb.biology.uiowa.edu, ATP1A1, a5, working dilu-
tions: 1:100 to 1:300). Staining for tuft cell marker used TRPMS (Ala-
mone, ACC-045, working dilution: 1:300) and for PNEC marker used
SYP/Synaptophysin (Santa Cruz Biotechnology, sc-17750, working
dilution: 1:100). Samples required antigen retrieval in citrate buffer
(10 mM sodium citrate, 0.05% Tween 20, pH 6.0) at 55 °C overnight,
with agitation, beforeimmunostaining. Ferret tracheae and intralobar
airways were then washed with PBS three times for 20 min each and
incubated in blocking buffer (20% donkey serum, 0.1% Triton X-100
and 1 mM CaCl, dissolved in PBS) overnight at 37 °C. Ferret tissues were
then incubated with primary antibodies (dissolved in diluent buffer:
1% donkey serum, 0.1% Triton X-100 and 1 mM CacCl, dissolved in PBS)
for 3 days at 37 °C, with agitation. Tracheae were then washed three
times for 30 min in PBS and incubated with appropriate secondary
antibodies for 2 days at 37 °C, with agitation. After secondary antibody
incubation, samples were washed three times for 30 mineachin PBSand
transferred to Ce3D tissue clearing solution (Biolegend catalogue no.
427704) for 2-3 hatroom temperature. After tissue clearing, samples
were mounted onto microscope slides (Fisherbrand Superfrost Plus)
under 0.33 mm coverslips and edges were sealed with GorillaGlue and
clamped with binder clips for 30 min to ensure glue fixation. Zeiss LSM
880 or 980 confocal microscopes were used for imaging acquisition.

Invivo MCC measurements

MCC measurementsin wild-type, FOXII-KO, and FOXII-Cre™"%:CFTR'"
ferrets were performed using positron emission tomography and
computed tomography (PET/CT) and *®Ga-macro aggregated
albumin (°®Ga-MAA) as previously described with modifications*C.
CFTRCSID/GSSID ferrets* reared on or off the CFTR modulator (VX-770/
ivacaftor) served as controls for CFTR-dependent MCC. Ferrets were
anaesthetized with ketamine/xylazine and then intubated. After intu-
bation, the animal was placed in the gantry of a PET/CT scanner (GE
Discovery MI, GE Healthcare). Aninitial scout computed tomography
was acquired to confirm placement of the endotracheal tube at the
distal end of the trachea. The dynamic positron emission tomography
acquisition (15 min) wasinitiated and during the first minute of image
acquisition 50 pl of saline containing 50 pCi ®®Ga-Macro Aggregated
Albumin (about 1.85 MBq) and 600 M methacholine was rapidly
administered into the distal trachea through a catheter. The syringe,
catheter and endotracheal tube were then removed, and images were
acquired continuously for 15 min. The positron emission tomography
acquisition was followed by computed tomography for attenuation

correctionand anatomical coregistration. List mode data were recon-
structed with the GE Discovery scanner’s software using three methods:
(1) static image of 15 min; (2) dynamic image with 15 x1 min frames;
(3) dynamic image with a 20 s delay to eliminate delay before dose
administration, followed by 60 x10 s frames. We performed data analy-
sisusing PMOD software v.4.2 (PMOD Technologies) and clearance of
the ®®Ga-MAA was quantified as the PET/CT volume of interest at minute
intervals after tracer deposition. Datawere normalized to the volume
of interest of the first full minute after tracer deposition. A plateau of
clearance was typically reached by 10.5 minin wild-type animals. This
timepoint was used to calculate percentage clearance.

Ferret tracheal basal cellisolation, expansion and differentiation
Ferret tracheal airway basal stem cells were isolated using an enzymatic
digestion method similar to previous reports*. All primary cells tested
negative for mycoplasma contamination. The cells were cultured in
Pneumacult-Ex Plus medium (STEMCELL Technologies) on plastic
plates precoated with laminin-enriched 804G-conditioned medium.
For passaging, the cells were detached with Accutase (STEMCELL
Technologies) and re-seeded at a 1:4 split on 804G-coated plates as
previously described*?. For differentiation at ALI, ferret basal cells were
seeded onto Transwell membranes coated with 804G in PneumaCult-Ex
Plus medium for 24 h and then lifted to an ALl with PneumacCult-ALI
medium (STEMCELL Technologies) placed only on the basal side of
the Transwell. Cultures were then used for experiments at 21-28 days.

Droplet-based scRNA-seq

Fully differentiated ferret airway epithelia ALI cultures were dissoci-
ated using Accumax (STEMCELL Technologies) followed by DNase
treatment. Cells were filtered through a 20 pM strainer and pelletedin
0.04%BSA PBS at 500g for 10 min. Non-viable dead cells were removed
by using MACS Dead Cell Removal Kit following 10X Genomics recom-
mendations (Document CG0O0039). Single cells were countedona
Thermo Countess cell counter and 0.04% BSA/PBS was added to achieve
atargeted concentration of 1,000 cells per microlitre. lonocyte enrich-
ment was performed on OH-Tam-treated FOX/I-Cre®™™::ROSA-TG ALI
cultures followed by FACS isolation of EGFP- and Tomato-positive
cells. Airway epithelial cells were sorted using a Becton Dickinson Aria
instrument and BD FACSDiva 8.0.1 software. Cells were identified on
the basis of FSC and SSC gating (Supplementary Fig. 2). Tomato- and
EGFP-positive epithelial cells were identified on the basis of comparison
with non-reporter ferret airway basal cells. Single cells were identified
onthe basis of forward scatter and forward pulse width. FACS-isolated
EGFP-positive cells were then mixed with Tomato-positive epithelial
cellstoachieve around 10,000 total cells for 10X sequencing. The ratio
of EGFP-to Tomato-positive cells varied for each experiment depend-
ing on the yield of lineage-labelled cells. Sequencing libraries were
generated by following 10X Genomics recommendations (Document
CGO000315). Briefly, single cells and reverse transcription master mix
were partitioned into Gel Beads in partitioning oilin the 10X Chromium
controller. After reverse transcription, complementary DNA libraries
were amplified and fragmentated, followed by adaptor ligation and
sampleindex PCRreaction. Libraries were sequenced on the NovaSeq
6000 platform by the University of lowa Genomics Division.

Short circuit current measurements of CFTR-mediated CI” and
HCO; transportin ALI cultures

Shortcircuit current (Isc) measurements were made using an epithelial
voltage clamp and an adapted Ussing chamber system (Physiologic
Instruments). Symmetrical buffer systems were used for measuring
both the chloride and bicarbonate currents. The chloride buffer con-
sisted of 135 mMNacCl, 2.4 mMK,HPO,, 0.6 mM KH,PO,,1.2 mM CacCl,,
1.2 mM MgCl,, 10 mM dextrose and 5 mM HEPES (pH 7.4) gassed with
air at 37 °C. The bicarbonate buffer consisted of 118.9 mM sodium
gluconate, 25 mM NaHCO,, 2.4 mM K,HPO4, 0.6 mM KH,PO,, 5 mM
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calcium gluconate, 1 mM magnesium gluconate and 5 mM dextrose
(pH 7.4) gassed with 5% CO, at 37 °C. The following chemicals were
sequentially added to the apical chamber: (1) 100 pM amiloride (to
inhibit ENaC); (2) 100 uM DIDS (to inhibit non-CFTR anion channels);
(3) 100 pM IBMX and 10 pM forskolin (cCAMP agonists that stimulate
CFTR); and (4) 10 pM GlyH101 (to block CFTR). The difference in the
average plateau measurement for the Isc from 45 s before to 45 s after
each stimulation was calculated and represented as the change of Isc
(4lsc) in response to the corresponding drug'. Data were collected
using the software Acquire and Analyze v.2.3.

Whole-mount ferret tracheal tissue electrophysiology

An Ussing chamber system (Physiologic Instruments) was used for
measuring the electrophysiological properties of intact ferret tracheae.
Ferret tracheae were maintained under warm F-12 medium (Gibco)
during dissection. Briefly, ferret proximal tracheae were collected
and mounted on pins ina‘slider’ (P2304 slide) that fits between two
halves of the chamber, being careful to only handle the edges of tissue.
The tissue was then assembled into the Ussing chamber and secured
by the pressure clamps. Symmetrical chloride buffer (135 mM NacCl,
2.4 mM K,HPO,, 0.6 mM KH,PO,, 1.2 mM CaCl,, 1.2 mM MgCl,, 10 mM
dextrose and 5 mM HEPES, pH 7.4) was used and samples were main-
tained at 37 °C and bubbled with air. The following chemicals were
sequentially added to the apical chamber: (1) 100 pM amiloride (to
inhibit ENaC); (2) 100 pM DIDS (to inhibit non-CFTR anion channels);
(3) 100 pM IBMX and 10 pM forskolin (CAMP agonists that stimulate
CFTR); and (4) 10 uM GlyH101 (to block CFTR). Data were collected
using the software Acquire and Analyze v.2.3.

mRNA quantification using RT-qPCR

TagMan Real-Time PCR was used for quantification of mRNA. All prim-
ersand probes were synthesized by Integrated DNA Technologies and
primer sequences are provided in Supplementary Table 8. Total RNA
isolation was performed using the RNeasy Plus miniKit (Qiagen) and
RNA concentration was measured using aNanodrop or the Qubit assay.
cDNA was then synthesized using a High-Capacity cDNA reverse tran-
scription kit (Applied Biosystems).

Measurements of ASL height, pH, viscosity and fluid absorption
ratesin differentiated ferret ALI cultures

Fluid absorption rates and ASL height measurements. Fully differen-
tiated ALI cultures were derived from wild-type, CFTR-KO (ref. 36) and
FOXII-KO primary tracheal basal cells. ASL height and fluid absorption
rates were evaluated as previously described™. Briefly, excess mucus
was removed from the apical surface of ALI cultures by washing in an
excess of PBS and thenthey were equilibrated for about 16 hina humidi-
fied, 5% CO,, 37 °C incubator before initiating the experiment. Then,
10,000 Da Texas red—-dextran dye was applied (in 18 pl of PBS) to the
apical surface of ALl cultures. XZ (line) images were then taken at five
differentrotational axes around the centre of the culture,immediately
after dye was added and then again at various time points up to 24 h.
While imaging on the confocal, the chamber remained humidified in
a5% CO, atmosphere at 37 °C. For absorption studies in the first hour
after fluid addition, the chamber was not moved and onelocation was
imaged onfive directional axes. For ASL height measurements at 4 and
24 h, five locations around the centre of the Transwell were imaged on
five rotational axes for each sample. The mean ASL height and volume/
unit area of the Texas red—-dextran dye were calculated for each XZ
scan, and then the 25 values for each measurement were averaged for
each Transwell. Fluid absorption rates were calculated as previously
describedby converting the ASL height into a uniform cylinder with
defined volume and diameter. Graphs of the ASL volume versus time
were then used to calculate the fluid absorption rates (nl min™ cm™) as
thelinear slope of the line generated during the first 20 min following
fluid addition. Equilibrated ASL height was at 24 h.

ASL pH measurements. Fully differentiated ALI cultures were derived
fromwild-type, CFTR-KO (ref. 36) and FOX/1-KO primary tracheal basal
cells. ASL pH was measured with slight modifications to that previously
described®. In brief, the ratiometric pH indicator SNARF-conjugated
dextrandye (ThermoFisher Scientific) was used to generate pH stand-
ard curves and directly measure apical pH on differentiated ALI cul-
tures. ALI cultures were maintained in basolateral HCO, -containing
buffer and the microscope chamber was humidified ina 5% CO, atmos-
phere at37 °C. SNARF-conjugated dextran powder was directly applied
totheapical surface through a5 pm mesh. A confocal microscope (Zeiss
LSM 880) was used to excite the SNARF dye at 488 nm and measure
fluorescenceintensity at 580 nm and 640 nm from 6-8 areas of interest
ineach ALl culture. Fluorescence ratios were converted into pH values
by using the standard curves as previously described*.

ASL viscosity measurements by fluorescence recovery after pho-
tobleaching. Fully differentiated ALI cultures were derived from
wild-type, CFTR-KO (ref. 36) and FOX/I-KO primary tracheal basal
cells. ASL viscosity was measured as previously described with minor
modifications™. In brief, the apical surface of the cultured epithelium
was washed with PBS 48 h before fluorescence recovery after pho-
tobleaching (FRAP) was performed (19 days of differentiation at ALI).
FITC-dextran powder (70 kDa, Sigma-Aldrich) was then directly applied
to the apical surface of ALI cultures using a 100 um mesh. After 2 h,
epithelial ASL viscosity was measured in a humidified chamberina 5%
CO, atmosphere at 37 °C using a confocal microscope (Zeiss 880). An
8 x 8 pm?*square region was photobleached by increasing the 488 nm
laser intensity to100%. Images were then acquired until maximal recov-
erywasreached. Six to nine regions were selected for recovery curves
fromdifferentlocationsineach Transwell. The fluorescence recovery
half time (¢,,,) was determined using Zeiss software FRAP.

Single-cell measurements of anion movement through
pulmonary ionocytes

Apreviously described halide-sensitive YFP-H148Q/I152L/F46L cDNA%
was used to replace EGFP in the pLenti-LoxP-sdRED-LoxP-EGFP plas-
mid (Addgene) for the generation of lentivirus (Extended Data Fig. 2c).
FOXII-Cre™"™ and FOXI1-Cre™"%:CFTR"" ferret tracheal basal cells were
virally transduced with Lenti-LoxP-dsRED-LoxP-YFP and selected by
FACS for dsRED" transduced cells. ALI cultures were established using
these basal cells and then treated with 2 uM OH-Tam (Sigma-Aldrich)
starting on day 14 and terminating 2 days before imaging. YFP-labelled
ionocytes were then used for imaging studies at days 22-28 (Extended
DataFig.2d). Anion transport measurements were adapted from previ-
ously described methods using this YFP sensor?® and used to study both
anion absorption (apical->basolateral movement of iodide) and secre-
tion (basolateral>apical movement of iodide). For all experiments, the
microscope chamber was maintained in a 5% CO, environmentat 37 °C
with or without humidification. Anion absorption studies: The basolat-
eralside of ALl cultures wasimmersed in PBS (137 mM NacCl, 2.7 mMKClI,
0.7 mM CaCl,, 1.1 mM MgCl,, 1.5 mM KH,PO,, 8.1 mM Na,HPO,, pH 7.4)
while maintaining a humidified apical ALI, and baseline fluorescence
intensity measurements were obtained. CI" toI” exchange was thenini-
tiated by adding 18 pl of I" PBS buffer (137 mM Nal, 2.7 mMKCl, 0.7 mM
CacCl,, 1.1 mM MgCl,, 1.5 mMKH,PO,, 8.1 mMNa,HPO,, pH 7.4) containing
100 pMIBMX/10 pM forskolin onto the apical surface of the culture as for
fluid absorption studies. Similar conditions were used with the addition
of10 pM GlyH101 (to inhibit CFTR) or the exchange of Na-gluconate for
Cl totheapical 18 pl of PBS buffer. lonocyte fluorescence intensity was
obtained continuously using a confocal microscope (Zeiss LSM 880)
withHQfilter set (488 nm excitation, 514 nm emission). Anion secretion
studiesunder humidified conditions: The basolateral side of ALI cultures
wasimmersedin CI PBS and baseline measurements were obtained. CI”
toI” exchange was then initiated by perfusing the basolateral side with



I" PBS containing 100 uM IBMX/10 pM forskolin. These experiments were
performed under humified conditions. Anion secretion studies with
dehydrated ASL: Cultures were perfused with non-humidified 5% CO,
for 20 min to dehydrate the ASL in the presence of basolateral CI" PBS
and baseline measurements were obtained. CI" toI” exchange was then
initiated by perfusing the basolateral side withI" PBS containing 100 pM
IBMX/10 uM forskolin. CI” PBS (18 pl) was then added to the apical cham-
ber in the absence or presence of basolateral bumetanide (100 pM) to
block NKCC1. To assess the apical CI" dependence for basolateral I uptake
byionocytes, 18 plof gluconate PBS (137 mMsodium gluconate, 2.7 mM
KCl, 0.7 mM CaCl,, 1.1 mM MgCl,, 1.5 mM KH,PO,, 8.1 mM Na,HPO,, pH
7.4)wasaddedtotheapical surfacein place of CI” PBS. Quantification of
I"transport was assessed as area over the curve of the YFP fluorescence
intensity traces normalized to the starting YFP intensity before buffer
exchange. To quantify the differencesinion transport betweendifferent
conditions and genotypes, we fitted anarea under the curve calculation
using the ‘pKNCA’ package in R and modified this calculation to area over
the curve. Modified R scripts can be obtained upon request.

Ferret trachea pOCT imaging and quantitative analysis

The methods for pOCT and quantitative image analysis have been
described previously in detail***, pOCT measurements were performed
on wild-type and FOX/1-KO trachea tissue shipped overnight to the
University of Alabama. In brief, the ASL depth, PCL depth, CBF and
mucociliary transport rates were directly measured by pOCT with-
out exogenous dyes. Real-time pOCT images were then processed
for quantitative analysis. ASL depth and PCL depth were determined
by geometric measurement in ImageJ. CBF was measured by Fourier
analysis. Mucociliary transport rate was quantified by projecting a
cross-sectional line through the mucus and using time elapsed over
multiple layers. pOCT images were obtained at 5-8 randomly chosen
locations on the mucosal surface of ferret proximal trachea.

Identification of unannotated ferret genes using mouse and
human orthologues

Inthe NCBI Mustela putorius furo Annotation Release 102, only 16,579
(59.4%) of all 27,912 genes are properly annotated with gene symbols.
We used the NCBI Entrez database to identify a further 825 genes that
had annotated gene names or aliases, increasing the number of labelled
genesto17,404 (62.4%). Next, single gene sequences of ferret reference
genome (MusPutFurl.0) from the Ensemble database were aligned
with the human (GRCh38.p13) and mouse (GRCm39) genomes using
the ‘msaClustalOmega’ function from the multiple sequence align-
ment (msa) package in R. Gene names of sequence alignments with
identity greater than 40% were adopted to label any ferret gene that
was unannotated in the NCBI Mustela putorius furo Annotation Release
102. EggNOG-mapper was run using the diamond algorithm on the
protein sequences in the current reference. Orthologues mapping to
ferret, mouse and human were written to an output file. In cases for
which multiple orthologues from one species mapped, the orthologue
with the highest score was picked. To combine the multiple species
comparison file run on the Ensemble genome with the file run on the
NCBIgenome, Ensemble protein IDs were added to the multiple species
comparison file using the GTF file. Next, the two files were combined
using ‘merge’in Ron the Ensemble protein ID. Annotating ferret genes
with their orthologues in this manner enabled identification of a fur-
ther 1,655 genes, taking the total to 19,059 (68.3%) (Supplementary
Table10). As aresult of these changes, the median read assignmentin
the scRNA-seq studies was 71.3% (Extended Data Fig. 4a).

Preprocessing of droplet (10X) scRNA-seq data

Togenerate adigital gene expression matrix, we first performed demul-
tiplexing of the raw sequencing data. Subsequently, we conducted
pseudo-alignment of these demultiplexed reads to acustomreference
genome. Thisreference genome was assembled by combining sequences

for reporter proteins EGFP and tdTomato with NCBI Mustela putorius
furoannotationrelease102. During the process, unannotated genes were
partially renamed as described above. Pseudo-alignment and unique
molecularidentifier (UMI)-collapsing were performed using the Kallisto
toolkit (v.0.48)*. We estimated the number of non-empty droplets using
the KneePlot function from the ‘DropletUtils’ package, which detected a
total of 94,664 cells. For each cell, we quantified the number of detected
genes (with atleast one UMI), and then excluded all cells with fewer than
2,000 genesdetected, resultingin 77,099 high-quality cellsfromn =16
ALl cultures from n =12 donor ferrets. Expression values E;; for gene i
in celljwere calculated by dividing UMI count values for gene i by the
sum ofthe UMI countsin cellj, to normalize for differencesin coverage,
and then multiplying by 10,000 to create TPM-like values, and finally
calculatinglog,(TPM +1) values, implemented using the NormalizeData
functioninthe ‘Seurat’R package. To merge all datasets together, batch
correction was performed using the built-in data integration tool in
Seurat v.3, using the ‘IntegrateData’ function®. The output was a cor-
rected expression matrix, which was used asinput for further analysis.

Data visualization, dimensionality reduction and clustering
Highly variable genes were selected using a logistic regression fitted
tothe sample detection fraction, using the log of total number of UMIs
for each gene as a predictor. Outliers from this curve are expressed
inalower fraction of samples than would be expected given the total
number of reads mapping to that gene, that s, they are specifictoacell
type, treatment, condition or state. The 2,000 most variable genes with
greatest deviance were selected, both for analysis of the full dataset
and for the subset of ionocytes. Principal component analysis was
then computed using these variable genes, and scores for the top ten
components were used to compute anearest neighbour graph (k= 20)
which was the input to clustering. To cluster single epithelial cells by
their expression, we used the Louvain unsupervised clustering algo-
rithm, asimplemented with Seurat’s ‘FindClusters’ function. We used
aresolution parameter of R =1on the main dataset of 77,099 cells.
Clusters were mapped to cell types using known marker genes on the
basis of human and mouse tracheal epithelial subsets (Extended Data
Fig.4b). Pulmonaryionocytes were subclustered to examine possible
heterogeneity of mature types (Fig.4). For subclustering of pulmonary
ionocytes, we use R = 0.25 for ionocyte subtypes and defined three
groups, which we annotated as type A, Band Cionocytes.

Differential expression and identification of cell-type markers

All differential expression testing was performed using a two-part ‘hur-
dle’model to control for both technical quality and ferret-to-ferret vari-
ation,implemented using the R package MAST*®, and likelihood-ratio
test was used to assess the significance of differential expression. Multi-
ple hypothesis testing correction was performed by controlling the FDR
using theR function ‘p.adjust™. Toidentify cell-specific genes, we used
the procedure we have previously described®. Briefly, differential gene
expression tests were performed between all pairwise combinations of
clusters. Foragiven cell type, putative marker genes were ranked using
two stringent criteria: maximum FDR Q-value (Q,,,,) and the minimum
log,-transformed fold change (FC,,,), which represent the weakest
effectand significance across all comparisons. Cell type signature genes
(Fig. 4, Extended DataFigs. 4 and 6 and Supplementary Tables1and 3)
were obtained usinga Q,,,, = 0.05and FC,,;,, = 0.25. To define signature
genes for the more similarionocyte subtypes, amorelenient criterion
was used, an adjusted Fisher’s combined P value (Qy..,) across the
pairwise tests Q. = 0.05 and FC,;,, = 0.25 (Fig. 4 and Supplementary
Table1).lon channellists were obtained from the Guide to Pharmacol-
ogy (www.guidetopharmacology.org), University of Edinburgh, UK.,

Testing for differencesin cell-type proportions
To assess the significance of changesin the fraction of cells under dif-
ferent conditions, we used Bayesian negative binomial regression,
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estimated using the R package ‘brms’. This enabled us to model the
number of each cell type detected in each donor and to test the effect
of genetic perturbations while controlling for variability among bio-
logical replicates (donor ferrets). For each cell type, we modelled the
number of cells detected in each donor as arandom count variable
using a negative binomial distribution. The rate of detection (that is,
the relative proportion of that cell type) was modelled by using the
naturallog of the total number of all cells profiled fromagiven donor as
an offset term (Extended DataFig. 4d). To test the effect of FOX/1 dele-
tion, donor genotype was added to regression models as a categorical
covariate (Extended DataFig. 6g). Significance of changesin cell-type
proportions was assessed using the 90%, 95% and 99% posterior cred-
ible intervals for the main effect of the genotype covariate.

Proportion of CFTR-expressing airway epithelial cells

To assess the significance of changes in proportion of CFTR-expressing
airway epithelial cells between wild-type (both FOX/1-CrefR
FACS-enriched and unenriched samples) and FOX/1-KO samples
(Extended DataFig. 6i), we aggregated cells from all samples together
rather than averaging the proportion over samples. Some samples
showed low proportions of certain cell types. This causes samples with
low numbers of certain cell types to spuriously bring down the average
proportion of CFTR-expressing cells (for example, a single ionocyte
inanon-enriched sample, resulting in a CFTR-expressing proportion
of 0%). The R package ‘prop.test’ v.3.6.2 was used to calculate statisti-
cal significance. Because of the statistical approach used, it was not
possible to plot the individual data points on the graphs in Extended
Data Fig. 6i.

Interspecies comparison of rare cell-type transcriptomes

To compare rare cell types (Fig. 5), single-cell data from cultured fer-
ret airway epithelial cells (this study) were merged with published
single-cell datafrom mouse trachea'and human airway epithelial cells*,
and merged using Seurat data integration as described above. Before
running dimensionality reduction, allgenes that were strongly differ-
ent by species were identified using a one-way ANOVA. Genes with an
Fstatistic over the 90th percentile (indicating high confidence of dif-
ferential expression by species) were removed. Cell-type labels (Fig. 5a)
were taken from the respective studies, along with species annotation
(Fig. 5b). To compute the transcriptional similarity between rare cell
types from each species, all pairwise cell-cell Pearson correlations
across the set of variable genes (defined as above) were computed,
andthenaggregated using the meanin each cell type and species com-
bination (Fig. 5i).

Pseudotime analysis using PAGA and elastic principal graphs

We isolated the 1,497 tuft cells, ionocytes and PNECs from our fer-
ret scCRNA-seq data to examine the progression from their putative
common progenitor to mature rare epithelial subsets. The PAGA algo-
rithm®*, implemented using scanpy®, was used to project cells into a
low-dimensional manifold, after defining unsupervised clusters gen-
erated using the Leiden algorithm®*. Elastic principal graphs® were
thenused to fitabranching tree through the PAGA co-ordinate space.
Spurioussingle-node branches were removed. The nodein the rare pro-
genitor cluster was manually selected as the root node for pseudotime
calculation, computed using the EIPiGraph R package.

Validation of transcriptional signatures using RNAscope

The ferret trachea and lung were postfixed in 4% paraformaldehyde
for18-24 h. After postfixation, tissues were cryoprotected in sucrose,
embedded as frozen OCT blocks and then cut into 7-15-pm-thick sec-
tions. RNAscope Multiplex Fluorescent Kit (Advanced Cell Diagnostics)
was used per the manufacturer’s recommendations. The multiplex
RNAscope assay uses three probe sets against three target molecules
(CFTR, FOXI1, EGFP) and markers of ionocytes subtypes in various

combinations (type A: CFTR, FOXI1, SLCI2A2 or BSND; type B: CFTR,
KRT7, EGFP); probes are referred to as channel 1, channel 2 and chan-
nel 3 probes, respectively. All amplification and detection steps were
doneusingthekitinstructions. Finally, the multiplex assay probe sets
were detected with Fluorescein (channel 1), Cyanine3 (channel 2) and
CyanineS5 (channel 3). Images of tissues were acquired with a confocal
microscope (Zeiss 880 or Zeiss 980). Scale bars were added to each
image using ImageJ. Images were visualized using ImageJ software.
Probes used for RNAscope (Advanced Cell Diagnostics): CFTR (C1),
EGFP(C2),SLCI2A2(C2), BSND (C2), KRT7 (C3) and FOXII (C3).

Statistical analysis

All non-bioinformatic experimental results are presented as the
mean +s.e.m.,and R4.2.0 (www.r-project.org) and Prism 9 (GraphPad)
were used for statistical analysis. Student’s ¢-test and one-way ANOVA
were performed when appropriate. P values of less than 0.05 were
considered statistically significant. Statistical analysis of scRNA-seq
datais described in the bioinformatics section.

Materials availability

Allunique and stable reagents and transgenic ferrets generated in
thisstudy are available under institutional MTA without restriction to
non-for-profit institutions from the corresponding authors.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Single-cell sequencing data are available in the GEO, accession no.
GSE233654. Source data are provided with this paper.

Code availability

Customized code for the computation of cross-species similarity
betweenrare cellsis available on GitHub (https://github.com/yifand64/
ferret_ionocyte). The remainder of the code used for the analysis is
standard.
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Extended DataFig.1| FOXI1deletionimpairs kidney intercalated cell
formation and mucociliary clearanceinferrets. a, Schematic of the approach
to generate FOX/I-KO ferrets by Cas9/sgRNA RNP injection of zygotes. Bottom,
sequence of the founder indel insertions (+) and deletions (A) with gRNA
sequence (green) and PAM sequence (red) shown. b, Representative sequence
chromatograms of the DNA target site from non-injected (control) and FOX/I
RNP-injected zygotes (black arrow indicates cleavagessite). c, Representative
TIDE analysis from acompound heterozygous FOX/I-KO (-14/-4) founder ferret
showing percentage of DNA editing for eachindel size.d, Predicted amino acid
sequence of ferret FOXI1in wild-type (top) and FOX/1-KO founders (bottom).
Asterisksindicates a premature stop codon foundinthe coding sequence of
FOXI1 mutants. Red letters indicate frameshift mutation caused by indels.

e, Kidney tissue lysates from FOX/I-KO and WT animals were collected and
subjected to Western blotting with FOXI1antibody. Representative samples

show the absence of FOXI1protein in KO animal kidney tissues. f, RT-qPCR

of kidney mRNA showing absent or reduced intercalated cell (IC) marker
(SLC26A4,AE1,ATP6VOD?2) expressionin FOX/1-KO ferrets.Meants.e.m.;n=8
animalsin each group.g, Representative ®®Ga-MAA PET/CT images of FOX/I-KO
and WT ferret tracheaat the indicated time points showing reduced clearance
in FOXI1-KO. h, Micro-optical coherence tomography (WOCT) imaging of
FOXII-KO and WT ferret tracheal explants. Images show airway surface liquid
(ASL; yellow bar), mucus layer (mu), and periciliary liquid (PCL; green bar) on
theluminal surface. Analysis of fOCT images from explanted ferret trachea
yields numerical values for functional and anatomic parameters. i,j, PCL
depths (i) and ciliary beat frequency (CBF) (j) were analyzed geometrically as
showninbargraph.Mean +s.e.m.;n=8animalsineach group. Statistical
significance was determined by: (f) two-tailed Student’s t-test and (i,j) ROI
using t-tests with pooled SD by R, statistical test was two-sided.
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Extended DataFig.2|See next page for caption.
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Extended DataFig.2| FOXII-Cre®™®"*and CFTR conditional KO (CFTR'")
ferretmodels demonstrate CFTRis required forionocyte apical uptake of
anions. CRISPR homology-directed repair (HDR) was used to generate FOX/I-
Cre®™®™and CFTR" ferrets. a, Schematic of the strategy for generating transgenic
ferretswithan IRES-CreERT2insertioninthe FOX/13™-UTR.b, Schematic of the
floxed exon-16in CFTR"" ferrets and strategy for deletion of CFTR in FOXII-
CrefR2::CFTRY* (CFTR-cKO) ferrets. ¢, Primary FOXI1-Cre®™® airway basal cells
transduced withalentivirus encoding LoxP-dsRED-stop-LoxP-YFP-H148Q/
1152L cassette (herein called FOX/I-Creff™::YFPH148Q/152h) and differentiated at
ALI, treated with hydroxy-tamoxifen (OH-Tam) and then used for functional
studies of halide transport.d, Scattered YFP-positive ionocytes were observed
inthe pseudostratified airway epithelium of only OH-Tam treated differentiated
FOXI1-CretRT2:.YFPHIMSUIS2L A] [ airway cultures. Representativeimages from 3
independent ferret donors. e, Representative images of ASL height from
differentiated WT, CFTR-KO, and FOX/I-KO ALI cultures challenged with 18 pl of
Alexa-dye containing buffer (time zero) and following equilibration 24 hrs later.
Representative images fromn =11(WT), n =10 (FOX/1-KO) and n =9 (CFTR-KO)
independent cultures. f, Dehydration experimenton WT ALl cultures

monitoring the ASL height following apical perfusion of non-humidified 5% CO,
for theindicated times. 20 min of dehydration was chosen for basolateral halide
sensor assays (Extended Data Fig. 3) since the ASL height approached that
observed CFTR-KO and FOX/1-KO cultures. Representative images from 3
independent experiments. g-k, Representative images and traces of apical I”
uptakein YFP halide sensor expressionionocytes of ALl cultures.g, No YFP
quenchingis observedin WT ionocytes after the addition of apical CI” buffer
(18 ul) with Forskolin/IBMX (F&I) to stimulate CFTR (negative control). Mean +
s.e.m.;n=28ionocytes. h, YFP quenchingis observedin WTionocytes following
theaddition of apical I buffer with F&I. Mean +s.e.m.; n=38ionocytes. i, YFP
quenching, asshownin (h), is not observed following the addition of apical Na-
Gluconate (Na-Gluc) buffer with F&I (negative control). Meants.e.m.;n=11
ionocytes.j, YFP quenching, asshownin (h), isreduced following the addition
ofapical I buffer, F&I, and GlyH101 CFTR inhibitor (negative control). Mean +
s.e.m.;n=38ionocytes.k, YFP quenchingisnotobservedin CFTR-cKOionocytes
(FOXI1-Cre™™::CFTR'") following application of apical I buffer with F&I. Mean
+s.e.m.;n=33ionocytes.



a
Genotype: WT lonocyte 1.2
ASL: Hydrated

YFP intensity

b
Genotype: WT lonocyte
ASL: Dehydrated 12

YFP intensity

c Genotype: WT lonocyte
ASL: Dehydrated

YFP intensity
o
>

d Genotype: WT lonocyte
ASL: Dehydrated 12

0.8
0.6

0.4

YFP intensity

0.

)

Apical

Time (Sec)

e f
FOXI1-CreERT2:: CFTRUL FOXI1-CreERT2:: CFTRUL
1001 " “— 100 .
8~ [Shey >
c3 XE
© c 804 >5
G S 892 75
2 © c
02 60 &
>° Baseline MCC (n = 2) T ®©
o8 40 o Tamoxifen-treated 8 3 50 1
T2 b lonocyte CFTR-cKO (n = 2) c
£ 3
§ ‘i\o, 201 ¢ ) T:) % 25+
. Q=
() EENNAPESS Su SRS — ERS
0123456 78 910 1 22 ,
Time (min) Baseline ~ Tamoxifen
(n=2) (n=2)

Extended DataFig.3|NKCClisrequired forionocytebasolateral uptake of
anions. Representative images and traces of basolateral I uptake in YFP halide
sensor expressionionocytes of ALl cultures. a, Basolateral CI” to " buffer
exchangeinthe presence of forskolin/IBMX (F&I) does not lead toionocyte YFP
quenchinginhomeostatic apically-hydrated cultures at baseline or following
apical CI buffer addition (18 pul) with F&l. Mean +s.e.m.;n=17ionocytes.b, In
apically-dehydrated cultures, basolateral CI" toI” + F&I buffer exchange leads
to basolateral I uptake, but only after apical CI” buffer addition with F&I. Mean

Cr
l @ Cr ¢or
L
. N e N\
n =17 lonocytes
l Basolateral Buffer Switch »
From Cl- to I + Fa&l NKCC1
@ Apical Buffer Challenge: CI-+ F&I Ne—
or CF cr Bl
0 100 200 300 400 500 600 700
Time (Sec) Basal
. Cl
l Apical Ccr o
ﬂ e N a N
n =9 lonocytes
Basolateral Buffer Switch
From CI- to |- + F&l
ﬂ Apical Buffer Challenge: CI- + F&I \ )
0 100 200 300 400 500 600 700 800 cr O cr
Time (Sec)
Basal
Cr
J J Apical cr eor
1> e N 4 N
n =17 lonocytes
Basolateral Buffer Switch ‘ [Bumetanide
From CI- to |- + F&I + bumetanide J_
I Apical Buffer Challenge: CI- + F&l N w
- CI o I ol
Cl Cl I
0 100 200 300 400 500 600 700 800
Time (Sec) Basal ]
Na-Gluc
l ﬂ Apical Na-Gluc
n =7 lonocytes »
l Basolateral Buffer Switch From CI-to I + F&I
1 Apical Buffer Challenge: Na-Gluconate + F&l N~/ W
cr S cr el
0 100 200 300 400 500 600 700 800
Basal

+s.e.m.;n=9ionocytes.c, Basolateral I uptake byionocyte, asshownin (b),
requires the NKCC1 channelandis blocked by bumetanide. Meants.e.m.;n=17
ionocytes. d, Basolateral I"uptake by ionocyte, as shownin (b), requires apical
Cl"andisnot observed after apical Na-gluconate (Na-Gluc) buffer addition with
I&F.Mean ts.e.m.;n=7ionocytes.e,f.Invivo tracheal mucociliary clearance
(MCC) measured by ®*Ga-MAA PET-CT in FOXI1-Cre™™::CFTR"" ferrets prior to
and following CFTR deletion with tamoxifen (n =2 animals, range in values is

shownonbothgraphs).



Article

UMAP 2
° o

Processed

KRTS5 Basal cell marker

10

UMAP 2
° o

75

70

65

60

55

9000 O

6000

3000

Aligned

Ki67 Proliferating basal cell

UMAP 2
o

5 5 10

0
UMAP 1

ASCL3 lonocyte marker

UMAP 2
o o 5

0 5
UMAP 1

ASCL1PNEC marker

pct_Aligned

15
10
05
00

UMAP 2

UMAP 2
°

o

ngene

ncells

EGFP/tdTomato

FOXJ1 ciliated cell marker

Log2(Ratio)
4
2
0

-2

0 5
UMAP 1

0 5
UMAP 1

d

GNATS3 Tuft cell marker lonocyte

104 tdTomato
o
PNEC ° + ©0.83
) .

Tuft .

UMAP 2
o

Ciliated{$0.01

or N W

Basal
5
Secretory {

-5 5 10

0
UMAP 1
MUCS5AC Goblet cell marker

Y

3

UMAP 2
o

5

-5 5 10

0
UMAP 1

MUC5B Goblet cell marker

-5 5 10

0
UMAP 1

SPDEF Goblet cell marker

UMAP 2
o

-5 5 10

0
UMAP 1

SCGB3A2 Secretory cell marker

f

KRTS
17684
TGFBI

P63

TGFB1

RRM2
KRT4
AQP3
PCNA
MKI67

scasiD2
GPRC5A

suLTIC4

cLcAt
TFF2
MUC58
MUCSAC
SPDEF
sCGBIA2
FOXA3
FAM183A
EFCAB10
FOXJ1
CETN2
CDHR3
GNAT3

i

g

1
o

Extended DataFig. 4 |See next page for caption.

UMAP 2
o

o

CLCAT1 Goblet cell marker
0

5 0 5 10
UMAP 1

0 25 50 75 100

% Cells EGFP/tdTomato >10

e
lonocyte . . () .
Tuft

PNEC
Secretory
Goblet
Ciliated
Basal
Cycling basal

UMAP 1

AGR2 Secretory cell marker

ASCL3
ADGRF5
ATP6V1G3
ATP6V1B1
ATP6V1C2
FOXI1
ATP6VOD2
BSND
FXYD2
CFTR
EGFP

Percent Expressed
0
. 25
® 50 2

@ 1

Average Expression

5 5 10

°

0
UMAP 1

S ceiltype 9

celltype
2 . Basal
Cycling Basal
Secretory
Goblet
Ciliated
Tuft
lonocyte
PNEC

Cell Type: Goblet B

1
n
0

Cell Type: Ciliated Cell Type:




Extended DataFig. 4 |Single-cell expression atlas of ferret proximal airway
epithelial cells. a, Quality metrics for droplet-based 3’ scRNA-seq data.

b, Cluster annotation by the expression of known cell type markers. UMAP
visualization of 77,099 single cells where individual points correspond to
single cells.c, UMAP visualization of EGFP/tdTomato (ratio) and tdTomato
expression for all cells sequenced. Note, FOX/I-Cre®™"::ROSA-TG ALl cultures
used forionocyte enrichment were treated with OH-Tam throughout basal cell
differentiation at ALIL Thisleads tolineage labeling (EGFP expression) and
enrichmentby FACS of all rare cell types (ionocytes, tuft,and PNECs). Thus,
FOXI1is expressedincommon early precursor of these rare cell types.

d, Percentage of cells with aratio of EGFP/tdTomato greater than10. e, Ferret
pulmonaryionocyte markers. Expression level ofionocyte marker genes
(columns) in each airway epithelial cell type (rows). Note that EGFP* FOXII-
lineage labeled tuft and PNECs extinguish FOXI1and otherionocyte markers
when fully differentiated.f, Ferret airway epithelial cell gene expression
signatures. Therelative expression of genes (rows) across cell types (columns)
isshown, sorted by cell types. g, Cell type markerimmunostaining of ferret
tracheal sections for different cell clusters. Representative images of n=3
independent ferrets.
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Extended DataFig. 5| Channelome of all ferret proximal airway cell types.

mRNA expression levels for allion and water channels and gap junctional

genes arelisted for the various airway cell types regardless of whether they
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Extended DataFig. 6 | See next page for caption.
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Extended DataFig. 6 |lon and water channels are transcriptionally altered
in FOXI1-KO airway epithelia. a, Cleared WT ferret trachea was whole mount
immunostained forionocyte (ATP6V1G3) and submucosal gland (a-SMA)
markers. Boxed areas show examples of regions quantified for ATP6V1G3*
ionocyte numbersinthe surface airway epitheliaabove submucosal glands
(SMQ), cartilage, and trachealis muscle. b, Higher magnification of the tracheal
surface showing single channel ATP6V1G3+ionocytes. Representative images
ofn=3donors.c, Quantification ofionocyte numbersin the surface airway
planeindifferentregions of ferret tracheafrom WT animals (the entire trachea
was quantified,n=3 WT donors). Bar graph showing the total area quantified,
the total number of ionocytes, and the number of ionocytes per mm?. Graphs
showthe mean +s.e.m. Statistical significance was determined by two-tailed
Student’s t-test.d, Sections of ALI cultures of WT and FOX/I-KO airway
epitheliaimmunostained for Ac-Tub (ciliated cells) and MUCS5B (goblet cells).
Representative images of n =4 ferrets fromeach group. e,f, Immunostaining
of (e) tracheal sections and (f) whole-mount trachea from WT and FOX/1-KO
ferrets for ATP6V1G3 (ionocytes) and Ac-Tub (ciliated cells). lonocytes (arrows)
aredepleted in FOX/I-KO ferrets. Representative images of n = 4 ferrets from
eachgroup.g, Celltype proportionsacross WT and FOX/I-KO scRNA-seq runs
(Mean +/-s.e.m.; n=4 donors each genotype, excluding FOX/I-Cre®™"::ROSA-

TGionocyte enriched samples). Statistical significance was determined by
Bayesian analysis: goblet cells, ** FDR < 0.01, 95% Pl;ionocyte, *** FDR < 0.001,
99% PI; Tuftand PNEC, *FDR < 0.05,90% PI. h, Volcano plots of differential
channel expression within various epithelial cell types derived from WT and
FOXII-KO ALl cultures.i, The proportions of CFTR expressing basal, secretory,
and ciliated cellsis reduced in FOX/1-KO cultures as compared to WT culture
(including FOXII-Cre®™"™::ROSA-TG ionocyte enriched samples). This may be
duetolowerlevels ofambient CFTRRNA fromlysed ionocytes. Datashows
themean,n=4donorsinKO,n=12donorsin WT, error bars represent 95%
confidenceinterval,****FDR <0.0001, *FDR < 0.05. The proportion of CFTR
expressing cells per cell type were calculated by aggregating cells from all
samplestogether (see Methods).j-m, Expression of ionocyte markers CFTR,
ASCL3, FOXI1and BSNDin different cell types from WT and FOXI1-KO cultures.
Datashows the mean, n=18,664 cells from 4 FOX/1-KO donors, n = 58,435 cells
from8 WT donors. Large white point shows the mean, error barsrepresent 95%
confidenceinterval. Of note, deletion of a portion of FOX/I exon-1led to enhanced
mRNA expression from the FOX/1locus only in PNECs, suggesting a potential
functional role for FOX/1in PNECs. The FOX/1 gene has only two exons and thus
itsmRNA likely has minimal non-sense mediated decay.
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Extended DataFig.7|Pulmonaryionocyte functionandlocalization
pattern at differentlevels of the airway. a, Change in chloride short circuit
current (Alsc) from FOX/I-KO and WT trachea following the addition of the
indicated channel antagonists and agonists (n = 6 donors for WT, 4 donors for
KO, with 2-3 tracheal samples quantified from each donor and averaged). F&I,
forskolin and IBMX. Graph shows the mean +s.e.m. Pvalue determined by
two-tailed Student’s t-test. b, CFTR protein localizationin ATP6V1G3*ionocytes
following whole mount staining of WT ferret trachea. Representative images
fromn =4 ferrets. ¢, High magnificationimages of ATP6V1G3*ionocytes
showing CFTR proteinlocalizes to an “apical cap” (arrows). Representative
images of ionocytes with two apical caps (upper panels) or one apical cap
(lower panels) are shown. Images fromn =4 ferrets.d, Na*-K*-ATPase (NKA)
staining of ATP6V1G3*ionocytesinthe proximal trachea of WT ferret by whole
mount staining. NKA staininginionocyteslocalized to an apparent basolateral
rimaround the apical cap (marked by arrows). Proximal trachea showed more
abundant NKA expressioninionocytes as compared to primary bronchus.
Representative images fromn =4 ferrets. e, Representative whole mount
images showingthe frequency of ATP6VIG3"ionocytesin the proximal trachea
and primary bronchus of WT ferrets. Images from n =4 ferrets. f, Representative
whole mountimages showing clusters of ATP6V1G3*ionocytesin NKA*
submucosalglandsinthesecondary bronchus of WT ferrets. Images fromn =4
ferrets. g, Co-localization of ATP6V1G3 and NKAinionocytes of WT ferret ALl
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cultures. Representative images from cultures derived fromn=3 donors.

h, Representative whole mountimage of atamoxifen-induced adult FOX/I-
Cre™™::ROSA-TG ferret trachea demonstrating CFTR staining within an apical
cap (arrows) of EGFP*ionocytes. Images fromn =3 ferrets. i, Representative
image of atamoxifen-induced adult FOX/I-Cre™™::ROSA-TG ferret secondary
bronchus demonstrating traced EGFP'ATP6V1G3*ionocytesinasubmucosal
gland collecting duct (marked by dotted lines). Images from n =3 ferrets.

j, Localization of ATP6V1G3*ionocytes in whole mount stained intralobar
airways fromaWT and CFTR®S'P/5510 (reared of fVX-770) ferrets, demonstrating
expansion of ionocyte clusters (circles) in the CF airway. Images fromn =4 (WT)
and n=3(CF)ferrets.k, Localization of ATP6V1G3*ionocytesin KRT5*-enriched
gland primary ducts (yellow arrows), adjacent NKA* collecting ducts (yellow
arrowheads), and NKA* glands tubules (white arrows) in CFTRES!P/6551P (reared
offVX-770) ferrets (whole mount staining of intralobar bronchus). Images from
n=3(CF)ferrets.l, CFTR-mediated chloride current from WT and CFTR®%'>
ALl cultures (n=5-6 ALl cultures derived from one donor). Graph shows the
mean ts.e.m. Pvalue determined by one-tailed Student’s t-test. mandn,
RT-qPCRdetection of mRNA for ionocyte-specific transcription factors (FOXI1,
ASCL3)indifferentiated WT and CFTR®5'®~ ALI cultures demonstrating expansion
ofionocytesin CF epithelium (n =4 samples from one donor, each sample with
3 ALl cultures pooled for mRNA). Graphs show the mean +s.e.mfor then
indicated ineachgraph. Pvalue determined by by two-tailed Student’s t-test.
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Extended DataFig. 8| Osmoticstressin ALI cultures and a CF disease Additional panelsrelated to Extended Data Fig. 7k. Whole mount trachea
statein vivoinducedionocyte expansion.aandb, Hyperosmotic (a) and immunostaining demonstrating expanding ATP6V1G3*ionocytesin KRT5"-
hypoosmotic (b) ALI culture conditionsinduceionocyte expansion.lonocytes  enriched submucosal gland (SMG) ducts and NKA* tubules of CFTRCS51>/65510
were localized either by lineage tracing using FOX/1-Cre™ ™ or ATP6V1G3 ferrets (reared off VX-770). Confocal Z planes are indicated and show apical
staining. Representative images of cultures derived fromn =5donor ferrets surface to SMG planes (c) or just the SMG plane (d). DO, duct opening.

for hyperosmoticstressand n =4 ferrets for hypoosmoticstress.candd, Representative images fromn =3 CF ferrets.
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Extended DataFig. 9| Ambient RNA from fragileionocytes enhances
apparent CFTR expressioninother cell types. a, Expression (mean UMI
counts, y-axis) ofionocyte markers CFTR, FOXI1,ASCL3, CLCNKA, BSND,
ATP6VIC2(rows) in cells of each type (columns) fromeach ALl culture (points)
correlated with the number ofionocytes detected in each culture (x-axis),

particularly insecretory cells. These datainclude FOX/I-KO and FOXI1-Cre®™™:

ROSA-TG FACS-enriched sequence runs, which had the smallest and largest
percentage of ionocytes, respectively. Blue line and shaded area show line
ofbestfitand 95% confidenceinterval, respectively, from linear regression
modelsfitindependently for each gene. Pvalues by Wald test. b, Dotplots

show the Pearson’s R correlation (dot color, legend) and significance (dot size,
legend) between proportion ofionocytes detected and expression level (asin
Extended DataFig. 6i) for the top 30 basal cell markers (rows, left) and top 30
ionocyte markers (rows, right). Genes are ordered by expression level, whichis
shownonlefthand barplots withlog,(TPM +1) on the x-axis. Insecretory cells,
21ofthetop30ionocyte markers show asignificant positive correlation,
whereas only10of30 basal cell markers was significant. Pvalues: Wald test on
linear regression models fitindependently for each gene, no multiple
hypothesis adjustment was performed since only 30 genes were tested for each
panel (left, right).
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Representativeimages of n=7 ALl cultures.c,d, Lineage tracing of FOX/1-
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Extended DataFig. 11| FOXI1-lineage rare cell progenitor has the capacity
togenerateionocytes, PNECs, and tuft cellsin vivo. a, Confocalimages
oflineage-traced tracheafollowing 5 sequential tamoxifeninjectionsin
FOXI1-Cre®f™::ROSA-TG ferrets at 1 or 5months of age (harvested one week
after the last tamoxifeninjection). Traced EGFP*ATP6V1G3*ionocytes and
EGFP'ATP6V1G3™ non-ionocyte were identified in onemonth old trachea
(upper panel). Inadult FOX/1-Cre®™"%::ROSA-TG ferret trachea, only traced
EGFP'ATP6V1G3*ionocytes were observed (lower panel). Representative
images fromn=3independentferretsweretracedineachgroup.b, Percentage
of FOXI1-Cre®™ ™ |abeled EGFP cellsin the trachea for the indicated phenotypic
classifications following colocalization with markers forionocytes (ATP6V1G3),
PNEC (synaptophysin/SYP), and tuft cells (TRPMS5) at1and 5 months of age
(Meants.e.m.; n=3ferrets quantified for each age; each datapoint represents
quantification fromal.41mm?*areafor the number of fields indicated). Lineage
tracing of 1 month old FOX/1-Cref®"%::ROSA-TG ferrets demonstrated FOX/I-
lineage cells (EGFP*) were composed of ionocytes (74.5%), PNEC (8.6%) and tuft
cells (6.5%). Lineage tracing of 5month old (adult) FOX/1-Cre®*™::ROSA-TG
ferrets demonstrated 95.7% of FOX/I-lineage cells (EGFP*) were ATP6V1G3*
ionocytes. The 4.3% EGFP*ATP6V1G3™ cellsin adult animals is consistent witha
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ionocytes from adult FOX/I-Cre®™™::ROSA-TG ferret trachea. Representative
image fromn =3 ferrets. d, Maximum intensity projection of traced EGFP*SYP*
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sensory nervesassociated with PNECs. Representative image fromn =3 ferrets.
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g, Representative confocalimage of ionocytes (ATP6V1G3*) and PNECs (SYP*)
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Extended DataFig.12| Computational lineage inference of rare ferret
airway epithelial cell types using pseudotime. a, Partition-based graph
abstraction (PAGA) embedding of 1,497 rare airway epithelial cells (PNEC, tuft
cells,ionocytes) and putative progenitor group (color legend), all previously
identified by unsupervised clustering (Fig.3 and Fig.5). b, Subset of ionocytes,

colored by their assignment to novel ionocyte subtypes, also by unsupervised
clustering (Fig. 4).c-d, PAGA embedding of 1,497 rare airway epithelial cells,
colored pseudo-time coordinate (c), and lineage transcription factors for each
rare cell type (d). Trajectory (large points) and branches (color legend) in (c)
were fit using elastic principal graphs.
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Software and code

Policy information about availability of computer code

Data collection  Zen software (Immunofluorescence imaging collection): version 2.3; Acquire and Analyze 2.3 (electrophysiology data collection); Novaseq
control software v1.7.5 (scRNA seq data collection); Bio-Rad Real-Time PCR (Relative gene expression data collection): version 2.3; Zeiss
software FRAP (airway viscosity data collection): version 2.3.

Data analysis Zen software (Immunofluorescence imaging analysis): version 2.3; Acquire and Analyze 2.3 (electrophysiology data analysis); Metamorph
(imaging analysis): version 7.0; Ingenuity Pathway Analysis (IPA): version 01-21-03; GraphPad Prism 9; R 4.2.0; Image J: version 2.3.0/1.53¢;
PMOD (Mucociliary Clearance analysis): version 4.2; Bio-Rad Real-Time PCR: version 2.3; Zeiss software FRAP: version 2.3; BD FACSDiva 8.0.1
Software; Kallisto toolkit: version 0.48; DropletUtils package: version 1.20.0; R package 'brms': version 2.17.0, MAST: version 1.22.0;
EIPiGraph.R: version 1.0.0, R package “prop.test”: version 3.6.2. R markdown scripts are available upon request.
Customized code for the computation of cross-species similarity between rare cells is available on GitHub (https://github.com/yifand64/
ferret_ionocyte).

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Single-cell sequencing data is available in GEO, accession (GSE233654): https://www.ncbi.nim.nih.gov/geo/query/acc.cgi?acc=GSE233654.

Data for Figures and Extended Data Figures are available as Source Data.

The publicly available Genome assembly MusPutFur1.0 (https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000215625.1/) was used as ferret reference genome
in this study. The publicly available Genome assembly GRCh38.p13 (https://www.ncbhi.nlm.nih.gov/datasets/genome/GCF_000001405.39/) was used for
identification of unannotated ferret genes by using human orthologs. The publicly available Genome assembly GRCm39 (https://www.ncbi.nlm.nih.gov/datasets/
genome/GCF_000001635.27/) was used for identification of unannotated ferret genes by using mouse orthologs.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender None

Population characteristics None
Recruitment None
Ethics oversight None

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No predetermined sample size calculation was performed in this study. Based on data we collected, we think the number of samples in each
group were adequate to confirm our findings. Regarding to scRNA-seq experiments, we have excellent cell diversity coverage of ferret
epithelial cell of interest and already have shown in our study that all cells are well covered by each ferret donor in each group. Given the
complexity, size and reproducibility within each figures, we felt that the number of samples shown was appropriate to address the questions
in this study.

Data exclusions  No data were excluded from analysis.

Replication All attempts of replication were successful as shown in our Figures.

Randomization  Samples/organisms were allocated into experimental groups based on genotype.

Blinding Blinding was not necessary in this study since assays used unbiased quantification methods.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Materials & experimental systems

Methods

Involved in the study

Antibodies
Eukaryotic cell lines

Palaeontology and archaeology

n/a | Involved in the study

X[ ] chip-seq
[]IX] Flow cytometry

X|[ ] MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

XXOXOOS
OOXOXKX

Antibodies

Antibodies used Primary Antibodies Used (dilution factor; catalogue number; company):
anti NKA (1/100-1/300; a5, DSHB UIOWA, dshb.biology.uiowa.edu )
anti CFTR (1/100-1/300; CFTR antibody 596, cftrantibodies.web.unc.edu)
anti-Keratin 5 (1/500; 905501, Biolegend)
anti-TRPM 5 (1/300; ACC-045, Alamone)
anti-SYP (1/200; sc-17750, Santa Cruz Biotechnology)
anti-acetylated Tublin (1/1000, T7451, Sigma Aldrich)
anti-ATP6V1G3 (1/500, HPA028701, Sigma Aldrich)
anti-Ki-67 (1/500, 14-5698-82, eBioscience)
anti-BSND (1/500; ab196017, Abcam)
anti-FOXI1 (1/500; ab20454, Abcam)
anti-EGFP (1/300; ab13970, Abcam)
anti-p63 (1/300; Clone Poly6190, Stemcell technology )
anti-Muc5B (1/300; HPA008246, Sigma)
anti-Muc5AC (1/300; ab3649, Abcam)
Secondary Antibodies Used (dilution factor; catalogue number; company):
Alexa Fluor 647 donkey anti-mouse 1gG (1/250, A31571, Molecular Probes)
Alexa Fluor 488 donkey anti-goat 1gG (1/250, A11055, Invitrogen)
Alexa Fluor 488 donkey anti-chicken IgG (1/250, 703-546-155, Jackson ImmunoResearch)
Alexa Fluor 488 donkey anti-rabbit IgG (1/250, A21206 Invitrogen)
Alexa Fluor 568 donkey antigoat 1gG (1/250, A-11057, Jackson ImmunoResearch)
Alexa Fluor 647 donkey Anti-Rabbit IgG (1/250,711-606- 152, Jackson ImmunoResearch)
Alexa Fluro 555 donkey Anti-mouse I1gG (1/250, A31570, Life Technologies).
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Validation anti-NKA (Confirmed Species reactivity: Avian, Drosophila, Fish, Frog, Honeybee, Human, Insect, Mackerel, Mammal, Mosquito,
Zebrafish; Applications: FFPE, Immunofluorescence, Immunohistochemistry, Inmunoprecipitation, Western Blot;
Validation: Manufacturer - https://dshb.biology.uiowa.edu/a5)
anti-CFTR (Confirmed Species reactivity: Human; Applications: Immunofluorescence, Western Blot;
Validation: Manufacturer - https://cftrantibodies.web.unc.edu/cell-staining/; https://cftrantibodies.web.unc.edu/western-blot/)
anti-Keratin 5 (Confirmed Species reactivity: Human; Applications: Immunohistochemistry; Validation: Manufacturer - https://
www.biolegend.com/Files/Images/media_assets/pro_detail/datasheets/905501-keratin-5-polyclonal-antibody-purified-10956-IFU-
Rev-7.pdf?v=20220914082417)
anti-TRPM 5 (Confirmed Species reactivity: Human, mouse, rat; Applications: Immunofluorescence, Western Blot,
Immunohistochemistry; Validation: Manufacturer - https://www.alomone.com/p/anti-trpm5/ACC-045)
anti-SYP (Confirmed Species reactivity: Human, mouse, rat; applications: Immunofluorescence, Western Blot, Immunohistochemistry,
Elisa; Validation: Manufacturer - https://www.scbt.com/p/syp-antibody-h-8?
gclid=CjwKCAjwt52mBhB5EiwA05YKo4ePEOMyMIrqZzCaYKzIU_gx2A-wSZhOuQLJoBeVyQfX5oHfjp8eyxoCrcwQAvD_BwE )
anti-acetylated Tublin (Confirmed Species reactivity: bovine, frog, invertebrates, human, hamster, mouse, protista, pig, monkey,
chicken, rat, plant; Applications: electron microscopy, immunohistochemistry, Immunofluorescence, western blot; Validation:
Manufacturer - https://www.sigmaaldrich.com/US/en/product/sigma/t7451?
gclid=CjwKCAjwt52mBhB5EiwA05YKowLtMY3KWAxOJZNgKigolubAK-awWidzUJv_yNP1GRyOI8snOwqYNxoCs-
UQAVD_BwE&gclsrc=aw.ds)
anti-ATP6V1G3 (Confirmed Species reactivity: Human; Applications: immunohistochemistry; Validation: Manufacturer - https://
www.sigmaaldrich.com/US/en/product/sigma/hpa028701)
anti-Ki-67 (Confirmed Species reactivity: Mouse; Applications: immunocytochemistry; Validation: Manufacturer - https://
www.thermofisher.com/antibody/product/Ki-67-Antibody-clone-SolA15-Monoclonal/14-5698-82)
anti-BSND (Confirmed Species reactivity: Mouse, Rat, Human; Applications: immunohistochemistry, western blot; Validation:
Manufacturer - https://www.abcam.com/products/primary-antibodies/bsnd-antibody-epr14270-c-terminal-ab196017.html)
anti-FOXI1 (onfirmed Species reactivity: Human; Applications: Western Blot, Immunohistochemistry; Validation: Manufacturer -
https://www.abcam.com/products/primary-antibodies/foxil-antibody-ab20454.html )
anti-EGFP (Confirmed Species reactivity: Species independent; Applications: Western Blot, Immunohistochemistry; Validation:
Manufacturer - https://www.abcam.com/products/primary-antibodies/gfp-antibody-ab13970.html)
anti-p63 (Confirmed Species reactivity: human; Applications: immunohistochemistry, Immunofluorescence, western blot; Validation:
Manufacturer - https://www.stemcell.com/products/anti-human-p63-deltan-antibody-clone-poly6190.html )
anti-Muc5B (Confirmed Species reactivity: human; Applications: immunohistochemistry, Immunofluorescence; Validation:
Manufacturer - https://www.sigmaaldrich.com/US/en/product/sigma/hpa0082467?
gclid=CjoKCQjw2gKmBhCfARIsAFy8bulYdkjTn8ZEHkC66iUYoh13yOwm_A8Q8SUGXYNVWEVD-
Ya4q9GxAwaAkHEALw_wcB&gclsrc=aw.ds)
anti-Muc5AC (Confirmed Species reactivity: Mouse, Rat, Human; Applications: immunohistochemistry, Immunofluorescence;




Validation: Manufacturer - https://www.abcam.com/products/primary-antibodies/mucin-5ac-antibody-45m1-ab3649.html)

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Primary airway basal cells were derived from WT, FOXI1-CreERT2::ROSA-TG, FOXI1-KO, CFTR-KO, and FOXI1-CreERT2::CFTR-L/
L ferrets.

All primary airway basal cell lines were validated for genotype and performed from multiple donor as specified in the text.

Mycoplasma contamination All primary cells tested negative for mycoplasma contamination prior to experimentation.

Commonly misidentified lines  n/a

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Transgenic ferret models were used in this study including: WT ferrets, FOXI1-CreERT2::ROSA-TG ferrets, FOXI1-KO ferrets, CFTR-KO
ferret, FOXI1-CreERT2::CFTRL/L ferrets and CFTR-G551D CF ferrets.

MCC studies were conducted on 5-6 month old FOXI1-CreERT2::CFTR-L/L ferrets.

MCC studies were conducted on 6-38 month old WT ferrets and FOXI1-KO ferrets.

MCC studies were conducted on 4-6 month old CFTR-G551D CF ferrets.

Tissue electrophysiology studies were conducted on 18-36 month old FOXI1-KO ferrets and age match WT ferrets.

lonocyte Lineage tracing studies were conducted on 1-5 month old FOXI1-CreERT2::ROSA-TG ferrets.

Proximal airway stem cells differentiation studies were conducted on 1-5 month old FOXI1 KO ferrets strian and age match WT
ferrets, FOXI1-CreERT2::ROSA-TG ferrets, FOXI1-CreERT2::CFTR-L/L ferrets, CFTR-KO ferret.

lonocyte localization studies (trachea whole mount staining studies) were conducted on 6-12 month old WT ferret and CFTR-G551D
CF ferrets.

This study did not involve wild animals.
Sex was not considered as a variable in our studies since it is hard to control equal distribution of sexes with transgenic ferrets.
This study did not involve samples collected from field.

All animal experimentation was approved by the Institutional Animal Care and Use Committee of the University of lowa (Protocol:
0031945).

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots

Confirm that:

|:| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|:| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|:| All plots are contour plots with outliers or pseudocolor plots.

|X| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Instrument

As indicated in the methods, fully differentiated ferret airway epithelia ALI cultures were dissociated using Accumax (Stem
Cell Technologies) followed by DNase treatment. Cells were filtered through a 20 uM strainer and pelleted in 0.04% BSA PBS
at 500g for 10 min. Nonviable dead cells were removed by using MACS Dead Cell Removal Kit following 10X Genomics
recommendations (Document CG00039).
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Software BD FACSDiva 8.0.1 Software
Cell population abundance Lineage traced pulmonary ionocytes (EGFP+) were <1% of total population.

Gating strategy Cells were identified based on FSC and SSC gating. Tomato and EGFP positive epithelial cells were identified as positive based
based on comparison to non-reporter ferret airway basal cells. Single cells were identifies based on forward scatter and
forward pulse width.

|X| Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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