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CRISPR-based gene editing holds promise for treating genetic diseases,
yetits application to lung disorders has been hindered by the challenges

of pulmonary delivery. Inspired by the modularity and biocompatibility

of amino acid-derived chemistries, we report the combinatorial synthesis
of 960 ionizable lipids incorporating chemically diverse backbones from
both proteinogenic and non-proteinogenic a-amino acids. Through
high-throughput screening and structure-function analysis, we identify
CHCha-10, acyclohexyl amino acid-derived lipid that forms biodegradable
nanoparticles capable of efficiently delivering mRNA-based gene editors
to lung epithelial cells. Following intratracheal administration, CHCha-10
nanoparticles exhibit enhanced mucus penetration and epithelial-specific
transfectionin both mice and ferrets. Here, as a functional application,

we demonstrate in vivo base editing in the lung via inhalation. Delivery

of adenine base editor mRNA and guide RNA targeting the CFTR G542X
mutation restores CFTR expression and chloride channel functionin G542X
human airway epithelial cells, mouse-derived intestinal organoids and the
lungs of cystic fibrosis mice. This work establishes a chemically modular
design framework forionizable lipids and a translatable platform for
RNA-based pulmonary gene correction.

Clustered regularly interspaced short palindromic repeats (CRISPR)-
based gene editing has emerged as a revolutionary technology for
durable, precise and programmable correction of disease-causing
genetic mutations. Although conventional CRISPR-Cas9
systems have shown promise in preclinical and clinical settings,
their reliance on DNA double-strand breaks and endogenous repair
pathways introduces risks such as indels, chromosomal rearrange-
ments and unpredictable outcomes'. To overcome these limitations,
base editors were developed as a next-generation CRISPR tool that

enables precise single-nucleotide conversions without double-strand
breaks’. Among these, adenine base editors (ABEs) enable targeted
conversion of an adenine-thymine (A-T) base pair into a guanine-
cytosine (G-C) base pair in the DNA sequence and are particularly
suited for correcting pathogenic point mutations®. The therapeu-
tic potential of base editing was recently underscored by the first
reported use of a personalized CRISPR base editor ina human patient,
in which a bespoke therapy corrected a lethal CPS1 mutationina
10-month-old child*.
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Despite this milestone and continued advances in editor engi-
neering, in vivo delivery remains a fundamental barrier to extending
gene-editing therapies to extra-hepatic tissues, particularly the lung.
Adeno-associated virus vectors have been widely used for gene editing,
buttheir utility is constrained by key limitations. Their small packaging
capacity often necessitates truncated editor variants®® or dual-vector
systems’ " for large constructs such as ABEs, complicating delivery.
In addition, as DNA-based vectors, adeno-associated virus mediate
prolonged expression of gene-editing machinery, increasing the risk
of insertional mutagenesis and immune responses”. These safety
concerns™, coupled with the inability to administer repeat doses due
to immunogenicity”, greatly limit their translational potential.

Lipid nanoparticles (LNPs) have emerged as a clinically validated,
non-viral alternative, offering transient expression, broad cargo com-
patibility and the potential for repeat dosing. Although LNPs enabled
the success of mRNA vaccines and liver-targeted gene therapies'®°,
extending this platformto the lung presents unique challenges. Inhaled
LNPs must penetrate airway mucus layers, evade mucociliary clearance
and efficiently transfect target cells while maintaining structural integ-
rity”. Achieving robust transfection in airway epithelial cells remains
acritical hurdle to realizing the therapeutic potential of mRNA and
gene-editingtools for pulmonary diseases such as cystic fibrosis (CF).

Among the four canonical components of LNPs, ionizable lipids,
helper lipids, cholesterol and PEG lipids, the ionizable lipid plays a
centralroleindetermining delivery potency, biocompatibility and cell
specificity” . However, efforts to expand the structural diversity of
biodegradable ionizable lipids have been limited by synthetic bottle-
necks and alack of rapid and modular synthesis strategies. Ugi-based
multi-component reactions have been used to swiftly generate com-
binatorial lipid libraries with diverse chemical properties?. However,
traditionalimplementations of this approach typically require catalysts
to achieve highyields and additional synthesis steps to introduce bio-
degradable bonds, which limit scalability and throughput?.

Here, we address these challenges by developing a catalyst-free,
amino acid-based Ugi five-centre-four-component reaction (Ugi-
5C-4CR) to synthesize a chemically diverse ionizable lipid library
with built-in biodegradability. Using this platform, we generated a
combinatorial library of 960 ionizable lipids incorporating both pro-
teinogenic and non-proteinogenic a-amino acids, with broad chemi-
cal diversity and design flexibility. These lipids were systematically
screened for mRNA delivery efficiency in two dimensions and air-
liquid interface (ALI) human bronchial epithelial (HBE) cell cultures.
Through high-throughput screening and structure-function analysis,
weidentified CHCha-10, a cyclohexyl amino acid-derived lipid, as the
lead candidate, exhibiting superior epithelial transfection efficiency
and biocompatibility. When formulated into LNPs and administered
intratracheally, CHCha-10 achieved efficient and widespread mRNA
delivery to lung epithelial cells in both mice and ferrets. The result-
ing gene editing spanned major epithelial subtypes, including basal,
club, ciliated cells, and ionocytes, and are critical targets in CF pathol-
ogy, while minimizing off-target delivery to endothelial and immune
cells. To assess therapeutic applicability, we employed CHCha-10
LNPs for the pulmonary delivery of mRNA encoding an ABE (mABE)
and a single guide RNA (sgRNA) targeting the CFTR G542X nonsense
mutation in a CF mouse model. Inhaled administration achieved over
12% on-target base editing in lung epithelial cells and led to a 60%
increase in CFTR protein expression. Moreover, in both CFTR G542X
HBE cells and intestinal organoids derived from CFTR G542X CF mice,
CHCha-10 LNP-mediated base editing restored CFTR-dependent
chloride channel activity, confirming functional correction of the
disease-causing mutation. These findings establish CHCha-10 LNPs as a
translatable non-viral platform for pulmonary gene editing. This work
demonstrates invivobase editingin the lung viainhalation, marking an
important advance towards precision gene therapies for CF and other
respiratory disorders.

Efficient mRNA delivery to lung epithelial cells by
CHCha-10LNPs

lonizable lipids have previously been synthesized via the classical Ugi
four-component reaction (Ugi-4CR)*** and a Lewis acid-catalysed Ugi
three-component reaction (Ugi-3CR)*”*° (Supplementary Fig.1). Build-
ingontheseapproachesand inspired by the modularity and biocompat-
ibility of amino acid-derived chemistries, we now introduce a one-pot,
catalyst-free Ugi-5C-4CR to develop a diversified generation of ioniz-
ablelipidlibraries. This reaction combines aliphatic aldehydes, x-amino
acids, isocyanides and methanol to generate o-acylamino-a-amino acid
methyl ester derivatives bearing ionizable moieties (Fig.1a). Compared
with prior strategies, this platform offers expanded chemical diversity,
improved modularity and biocompatibility through the incorporation
of diverse and biocompatible amino acid building blocks owing to
two ester bonds and two amide bonds within the molecular scaffold
(Fig. 1a). Using a robotic liquid handler, we synthesized a combinato-
rial library of 960 structurally unique ionizable lipids in a single day*°
(Fig.1b and Supplementary Fig.2a). These lipids were formulated into
LNPs using classical molar ratios® with 1,2-dioleoyl-sn-glycerol-3-p
hosphoethanolamine (DOPE), C14-PEG,,,, and cholesterol, which
were loaded with firefly luciferase mRNA (mFluc). Transfection effi-
ciency was evaluated in BEAS-2B cells derived from normal human
bronchial epithelium by quantifying luminescence 24 h post treatment
and normalizing to untreated controls (Supplementary Fig. 2b). The
inclusion of diverse a-amino acid backbones substantially increased
the chemical diversity of the ionizable lipid pool, improving mRNA
delivery efficiency while maintaining favourable biocompatibility"
(Fig. 1c). Structural analysis across the 960-member LNP library iden-
tified cyclohexylglycine derivatives as the most potent candidates
when ranked by amino acid substructure (Fig. 1d). To elucidate how
individuallipid components contribute to transfection performance,
thestructural features of the top 20 ionizable lipids were systematically
examined (Fig. 1e). Notably, 80% of the top-performing candidates
featured cyclic headgroups, suggesting a strong correlation between
ringrigidity and delivery efficiency. Amino acid-derived ionizable lipids
withrigid cyclic headgroups adopt more stable three-dimensional
conformations than those with linear headgroups (LH), potentially
enhancing mRNA complex stability through strengthened mt-stacking™.
This finding aligns with previous studies of high-performingionizable
lipids, such as cKK-E12%, C12-C200* and OF-Deg-Lin**, where the rigid-
ity of the cyclic core was associated with enhanced delivery efficiency.
Furthermore, the top LNPs displayed substantial amino acid diversifica-
tion, with 13 structurally distinct amino acid derivatives represented
amongthe mostactive candidates. This underscores the utility of amino
acid-based combinatorial designin expanding the accessible chemical
space of ionizable lipids. Further analysis revealed that 65% of the top
performersincorporated highly branched hydrophobic tails (tail 10 and
11), indicating that branched tail structure is another key determinant
of transfection efficiency, probably by modulating lipid packing and
membrane-disruption properties.

Enhanced epithelial mRNA delivery by optimized
CHCha-10 LNPs

To mimic the relatively impermeable mucus barrier of lungs, an ALI
culture model with an artificial mucus layer was employed®. The top
20 LNP candidates identified in the initial screen were tested in this
model (Fig. 2a, Supplementary Fig. 3 and Supplementary Note 1). Con-
sistent with the findings from the top 20 candidates identified in the
non-differentiated cell screening, CHCha-10 LNPs synthesized using
B-cyclohexyl-alanine (a non-proteinogenic amino acid with a cyclohexyl
group onthe 3-carbon), demonstrated superior transfection potency
across both non-differentiated and differentiated cell models (Fig. 2a
and Supplementary Figs. 4 and 5). We also found the zeta potential
of CHCha-10 LNPs was —0.126 mV (Supplementary Fig. 6), which falls
within the range (0 to -5) reported to be favourable for penetrating
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Fig.1| Amino acid-derived ionizable LNPs for targeting lung epithelial cells. luciferase expression was measured, normalized to untreated groups and
a, Ugi-5C-4CR for amino acid-derived ionizable lipid construction, along presented as alog, value. For each of the thirty amino acid-derived LNP
with the corresponding Markush structure representing this reaction class. formulations, the relative transfection efficiency was calculated by normalizing
b, A workflow depicting the synthesis of amino acid-derived lipids, subsequent its normalized relative luciferase signal to that of the highest-performing amino
LNP formulation and their in vitro screening and validation process. acid-derived formulations. The normalized efficiencies were rank-ordered and
¢, Achemically diverse panel of proteinogenic and non-proteinogenic a-amino visualized as a polar diagram. e, The relationship between different components
acids is employed for the synthesis of ionizable lipids in the Ugi-5C-4CR library. inthe top 20 LNPs, illustrated by a Sankey diagram. r.t., room temperature.
d, BEAS-2B cells were treated with mFluc-encapsulated LNPs. The relative Schematicinb created in BioRender; Li, B. https://biorender.com/v5gq5y2 (2026).

acidic mucus, compared with either strongly positive or stronglynega-  cholesterol types and PEGylated lipid composition (Fig. 2d,f). The
tive surface charges observedin other formulations®**. Toinvestigate  first round was to identify a suitable helper lipid for lung delivery
theimproved performance of CHCha-10 LNPs compared with cKK-E12,  (Fig.2d). We chose DOPE, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
we used fluorescence resonance energy transfer (FRET) experiments  (DPPC), 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and
to assess their endosomal fusion ability* (Fig. 2b). Compared with  (2,3-dioleoyloxy-propyl)-trimethylammonium-chloride (DOTAP) as
cKK-E12 LNPs, CHCha-10 LNPs exhibited stronger and faster membrane  four types of helper lipid and generated formulations 1-24 (H1-H24;
fusion and disruption (Fig. 2b). Furthermore, a fluorogenic probe, Fig.2eand Supplementary Table1) given that the cationic lipid DOTAP
6-(p-toluidino)-2-naphthalenesulfonic acid sodium salt (TNS), was  mayimprove pulmonary cell internalization and mucus retention®°,
used to evaluate the apparent pKa of LNPs (Fig. 2c). TheapparentpKaof ~DPPC and DSPC may promote mRNA release from endosomes due
CHCha-10 LNPs (7.038) was similar to that of cKK-E12 (6.972), support-  to their phase transition in endosomes*'. DOTAP was identified as
ingtheir efficient endosomal escape capability (Fig. 2c). Theenhanced the top-performing helper lipid for the second round for mFluc
performance of CHCha-10 might be attributed to the unique features  (Fig. 2e). B-sitosterol, stigmasterol and cholesterol were chosen for
ofitscyclohexylside chain, which facilitates hydrophobicinteractions.  the second round given that 3-sitosterol and stigmasterol help endo-
Theseinteractions enable the lipid to adopt a cone-shaped configura-  somal fusion and intracellular retention of LNPs*, leading to further
tion, promoting the formation of non-bilayer structures, such asthe increased transfection efficacy (Fig. 2f). Formulations C1-C18 were
hexagonal H-1l phase. generated with these sterols (Fig. 2f and Supplementary Table 2).

We further utilized a design of experiments (DoE) approach®  Formulation C1 exhibited superior delivery of mFluc in BEAS-2B cells
to improve the performance of CHCha-10 LNPs for mFluc deliv-  (Fig.2g) and ALI-cultured BEAS-2B cells with artificial sputum medium
ery in BEAS-2B cells. Two rounds of DoE were conducted with vari-  (Supplementary Fig. 7). This optimized formulation was then evaluated
ous parameters: ionizable lipid-to-mRNA ratio, ionizable lipid for pulmonary delivery of mFluc, showing asixfold improvement over
composition, phospholipid composition, phospholipid types, cKK-E12LNPs (Fig.2h,i).
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Fig. 2| Characterization and formulation optimization of the CHCha-10 lipid.
a, Ascreening of the top 20 lipids in differentiated BEAS-2B cells compared with
cKK-E12. The radar diagram showed the normalized relative luciferase expression
(log, value) in treated differentiated BEAS-2B cells (n = 3). The normalized relative
luciferase expression of cKK-E12 was indicated by the yellow line. b, A schematic
and quantitative results of endosomal rupture by LNPs at different time intervals
(n=6,ordinary two-way analysis of variance). ¢, Representative TNS titration
curves for LNP-apparent pKa (n = 3). Sigmoidal best-fit analyses in GraphPad
Prism 10 were used to determine pKa as the pH at half-maximum relative
fluorescent units (RFU). d,JMP input parameters for the first round of DoE.

e, Molar ratios and the relative luciferase expression of the 24 LNP formulations
inthe first round of DoE (n = 3).f,JMP input parameters for the second round

of DoE. g, Molar ratios and the relative luciferase expression of the 18 LNP
formulationsin the second round of DoE (n =3). h, IVISimages of mouse lungs 6 h
after intratracheal administration of mFluc-loaded cKK-E12 or CHCha-10 LNPs
(0.3 mg kg total RNA). i, Quantification results of luminescence intensity from
IVISimages (n = 3, two-tailed unpaired Student’s t-tests). The data are presented
asmeanvalues +s.d.inb, e, gandi. Schematics created in BioRender: a, Li, B.
https://biorender.com/dlvmi2w (2026); b, Li, B. https://biorender.com/s4200lp
(2026); ¢, Li, B. https://biorender.com/axwsdvé (2026).

CHCha-10 LNPs deliver mCre to mouse and ferret
epithelium

Building on the strong mFluc delivery efficacy of CHCha-10 LNPs in
mouselungs, we nextassessed their potential for gene editinginlungcell
populations. Intratracheal administration of CHCha-10 LNPs encapsu-
lating Cre mRNA (mCre) was conducted in Ai9 reporter mice at 0.75 mg/
kg per dose (three doses, 12.8:1total lipid:RNA ratio) (Fig. 3a). Inthese
mice, Cre-mediated recombination at loxP-flanked ‘3x STOP’sites can
activate tdTomato expression (Fig. 3a, Supplementary Fig. 8). CHCha-
10 LNPs achieved 28.8% editing in lung epithelial cells, nearly doubling
the14%efficiency of cKK-E12 LNPs (Fig. 3b,c and Supplementary Fig. 9),
while maintaining low editing efficiencies inimmune cells (1.72%) and
endothelial cells (0.53%). The stronger tdTomato signal observed in
epithelial cells probably results from the intratracheal administration
route, which directly delivers LNPs to the airway epithelium, consistent
with previous findings*’. For CHCha-10, this epithelial preference is
more pronounced than for cKK-E12 under identical delivery conditions

(Fig.3c), probably because CHCha-10 was screened using lung epithe-
lial cells and thus shows higher tropism towards this cell population
compared with the benchmark. To investigate phenotypes of edited
cells, we evaluated club (secretory) cells, ciliated cells, basal cells, and
ionocytes, each of which plays a critical rolein airway epithelial homeo-
stasis and are directly impacted by loss of CFTR function***, Basal
cells represent the main stem/progenitor compartment of the airway
epithelium, endowed with long-term self-renewal capacity and the
ability to differentiate into all major luminal cell types®-*°. Because of
this durable regenerative potential, targeting basal cells is essential for
gene-editing therapies: edits introduced here can persist and propagate
through successive waves of airway epithelial renewal, thereby enabling
durable correctionrather than transient effect. Meanwhile, onocytes,
which express the highest levels of CFTR in the airway epithelium,
represent anotherimportant target population for CF gene editing”".
However, unlike human lungs, the distal airways of mice contain min-
imal basal cells or ionocytes*s. To account for this species-specific
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Fig.3 | CHCha-10 LNPs for mCre delivery to mouse and ferret epithelium.

a, A schematic of the experimental procedure for assessing editing efficiency of
CHCha-10 LNPs loaded with mCre in Ai9 reporter mice. Mice treated with cKK-E12
LNPs served as controls. b, A uniform manifold approximation and projection
display showing the proportion of tdTomato-positive epithelial, endothelial and
immune cells among lung cells. ¢, Flow cytometry quantifying the percentage

of the tdTomato-positive of epithelial, endothelial and immune cellsamong

lung cells (n =3, ordinary two-way analysis of variance, 0.0000954301).d, The
proximal airway data show the percentage of tdTomato-positive ciliated, club,
basal and ionocyte cells. Distal airway data show the percentage of tdTomato-
positive ciliated and club cells (n = 3, unpaired t-test with Welch’s correction).

e, Representative immunofluorescence images of lung sections from LNP-
treated Ai9 reporter mice, illustrating LNP-mediated gene editing in distinct lung
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epithelial cell populations (n = 3, merging of tdTomato (red) with DAPI (blue)
produced a purple signal; scale bar, 50 pm). f, A schematic of mCre LNP-mediated
gene editinginjuvenile ferret lungs. g, Representative confocal images of
differentlung lobes in ferrets treated with CHCha-10 LNPs, stained with anti-GFP
and anti-tdTomato antibodies. Images from the RUL, RML, RLL and LLL highlight
transfected submucosal glands. Scale bar, 50 pm. h, A quantitative analysis of
GFP-positive cell colocalization within manually selected epithelial cells across
different lung lobes (n =10 images per region, n =2 biologically independent
samples). The dataare presented as mean values +s.d.incandd. The dataare
presented as mean with horizontaljitter reflecting data density at each y value
inh.Schematics created in BioRender: a, Li, B. https://biorender.com/oezefjt
(2026); d, Li, B. https://biorender.com/jy58n29 (2026); f, Li, B. https://biorender.
com/6wir6li (2026).

limitation, we analysed mouse proximal (trachea and primary bronchi)
and distal (conducting and respiratory airways) segments separately,
and excluded basal-cell and ionocyte assessments in the distal airway
regions. In the proximal airways, CHCha-10 LNPs transfected 16.2%
of club cells, 27.3% of ciliated cells, 44.0% of basal cells, and 15.2% of
ionocytes (Fig. 3d, Supplementary Fig.10).In the distal airways, editing
efficiency was 12.6% for club cells and 12.2% for ciliated cells (Fig. 3d,
Supplementary Fig.10). CHCha-10 LNPs demonstrated superior edit-
ing efficiency compared to cKK-E12 LNPs across multiple epithelial

subtypes. In the proximal airways, CHCha-10 LNPs achieved a 2-fold
higher editingrate inbasal cells and a 5.6-fold higher editing rate in cili-
ated cells compared to cKK-E12 (Fig. 3d). In the distal airways, CHCha-
10 LNPs showed a 2.7-fold improvement in club cell editing (Fig. 3d).
Immunofluorescence analysis further confirmed strong tdTomato
signal colocalization in ciliated cells (Ac-tubulin-positive), basal cells
(KRT5-positive), and club cells (CCSP-positive) in CHCha-10-treated
lungs, whereas cKK-E12-treated lungs exhibited weaker colocalization
(Fig.3e). Notably, FACS results for basal, ciliated, and club cells showed
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slightly higher background signals than confocalimages, probably due
tothe cell permeabilization required for antibody staining (anti-KRTS5,
Ac-tubulin, and CCSP). Furthermore, mice treated with CHCha-10 LNPs
showed cytokine levels comparable to PBS controlsinboth bronchoal-
veolarlavage fluid (BALF) and serum, whereas cKK-E12 LNPs resulted in
marked elevations of GM-CSF levels in BALF and TNFa levels in serum
(Supplementary Figs.11and 12), indicating improved biocompatibility
of CHCha-10 LNPs compared with cKK-E12 LNPs.

The ferret CF disease model is widely recognized as a robust pul-
monary disease model as it recapitulates key human lung disease
phenotypes***°. Due to the physiological similarities between ferrets
and human lungs, mCre encapsulated in CHCha-10 LNPs was evalu-
ated in ROSA™™C transgenic ferrets to verify their potential transla-
tional ability. These ferrets carry a Cre-responsive reporter cassette
(CAG-LoxP-tdTomato-Stop-LoxP-eGFP) integrated into the ROSAlocus,
enabling precise visualization of Cre-mediated recombination™*>2,
The cassette expresses membrane-bound tdTomato under basal condi-
tions. Upon Cre recombinase expression, the tdTomato-STOP sequence
is excised, activating membrane-bound enhanced green fluorescent
protein (eGFP) expression and producing ared-to-green fluorescence
switchinedited cells. Herein, we evaluated the performance of CHCha-
10 LNPs in both ALI-differentiated primary basal cells derived from
ROSA™mC ferrets and in the lungs of ROSA™/™C ferrets directly via
intratracheal administration (Fig. 3f and Supplementary Fig. 13). In
ALl-differentiated primary ferret airway basal cells, CHCha-10 LNPs
enhanced the colocalization of GFP-positive cells with markers for
distinct epithelial subtypes, including club cells, ciliated cells and basal
cells, compared with cKK-E12 LNPs (Supplementary Fig.13). To further
evaluate in vivo editing efficiency of CHCha-10 LNPs across different
species, juvenile ferrets received a single dose of mCre encapsulated
in CHCha-10 LNPs (0.6 mg kg™ mCre, 12.8:1 total lipid:total RNA ratio)
(Fig. 3f). Two weeks post administration, lung tissues were collected
and analysed for GFP-positive cells in the bronchus. Confocal imag-
ing revealed robust editing in epithelial cells from the right lower
lobe (RLL), right upper lobe (RUL), right middle lobe (RML) and left
lower lobe (LLL), with moderate efficiency observed in the trachea
(Fig. 3g,h). Moreover, images from the RLL, RML, RUL and LLL fur-
ther highlighted efficient editing in submucosal glands, which are
critical sites for CFTR protein production and are implicated in CF
pathophysiology™ (Fig. 3g). Furthermore, histological analysis viaH&E
staining demonstrated no evidence of inflammationinany lung lobes
of ferrets dosed with CHCha-10 LNPs, supporting its biosafety profile
(Supplementary Fig.14). Compared with the recently reported FO-32
and FO-35 LNPs for pulmonary mRNA delivery in ferrets, CHCha-10
LNPs exhibited preferential transfection of the airway epithelium, with
minimal editing in the alveolar regions, whichare rich inimmune and
endothelial cells®. This localized delivery approach reduces off-target
editinginnon-epithelial lung cells, whichis advantageous for minimiz-
ing potential adverse effects such as chromosomal translocations™.

Optimized ABE system corrects CFTR G542X

To evaluate the potential of CHCha-10 LNPs for delivering base edi-
tors in gene-editing therapy, we optimized the ABE system to correct
the CFTR G542X mutation in both mouse and human genes. Due to
the lack of a canonical PAM site within the editing window (A3-A9)
for the G542X mutation in both mouse and human CFTR, we utilized
the SpCas9 variant SpRY, which features an expanded PAM recogni-
tion profile®. To facilitate the process of identifying an optimal ABE
system, we developed two reporter systems using the piggyBac (PB)
transposon/transposase: one incorporating a premature stop codon
(PTC) in Nanoluc luciferase (PTC_Nluc)*® and another inserting a Fluc
sequence upstream of mouse Cftr, centred on the G542X mutation (Cftr
G542X_Fluc)” (Supplementary Note 2). These were stably integrated
into the BEAS-2B human bronchial epithelium cell line, where successful
T-to-Cediting restores Nluc or Fluc expression, quantitatively reporting

ABE on-target efficiency (Fig. 4a,d). To identify the optimal ABEs for
efficient on-target editing, we tested four highly active ABEs in their
SpRY forms, including ABE,,,,-SpRY*’, ABE ,o-SpRY*®, ABEg.-SpRY**
and CE-ABE,.-SpRY*’ alongside five sgRNAs designed to position the
targetadenine at A3-A8relative to the PAM (Fig. 4b). All ABEs demon-
strated on-target editing, as indicated by normalized Nluc lumines-
cence intensity in treated PTC_Nluc BEAS-2B cells (Fig. 4¢). PTC_Nluc
BEAS-2B cells treated with these ABEs also exhibited increased Nluc
mRNA levels, as quantified by the reverse transcription-quantitative
polymerase chainreaction (RT-qPCR), which were consistent with the
corresponding increases in Nluc luminescence intensity (Fig. 4c and
Supplementary Fig.15). Among these, ABEg.-SpRY and CE-ABEg.-SpRY
exhibited higher editing efficiency compared with ABE,,,-SpRY and
ABEg,,-SPRY (Fig. 4¢), aligning with previous findings*®*°. Based on
the activity of ABEs and the strategy of positioning target adenines at
later positions (A6-A13) within the actual CFTR target site to minimize
bystander editing, we selected ABEg.-SpRY and CE-ABEg.-SpRY for fur-
ther studies. Meanwhile, CE-ABEg.-SpRY mRNA and chemically modi-
fied Nluc-A8 sgRNA were used to optimize the mRNA-to-sgRNAratioin
PTC_Nluc BEAS-2B cells. The results showed no statistical differences
in editing efficiency across the tested ratios (Supplementary Fig. 16).
Based on these results and previous studies'®", a 1:1 weight ratio was
selected for all subsequent studies.

To optimize editing specificity and minimize bystander edits, we
tested six sgRNAs with different PAMs against the CFTR G542X gene
in combination with the two optimal ABEs in the CFTR G542X _Fluc
BEAS-2B cell line (Fig. 4d,e). CE-ABEg.-SpRY exhibited higher activity
at positions A7-A9, whereas ABEg.-SpRY was more active at A4-A6 by
boththe luminescenceintensity of the Fluc protein and the relative Fluc
mRNA levels (Fig. 4f and Supplementary Fig. 17). Notably, the combina-
tion of CE-ABEg.-SpRY mRNA and an sgRNA targeting A9 (PAM = NYN)
achieved the maximal luminescence signal and the highest Fluc mRNA
level (Fig. 4f and Supplementary Fig. 17). Sanger sequencing showed
that CE-ABEg.-SpRY and sgRNA A9 achieved ~60% T-to-C conversion
with near-background levels of bystander editing (Fig. 4g). Based on
these results, CE-ABE8e-SpRY mRNA was selected for all subsequent
experiments and is hereafter referred to as mABE.

CHCha-10 LNP achieve CFTRrestorationin CF
mouse lungs

Thessize of the RNA molecule has been previously shown to affect LNP
delivery efficiency®. Given that base editors are substantially larger
than Fluc and Cre recombinase, we re-optimized the CHCha-10 LNP
formulation using areporter mRNA encoding ABE-Nluc (mABE-Nluc)
to better approximate the therapeutic payload. We conducted a
two-round optimization using the DoE approach described above
(Supplementary Tables1and 2), revealing distinct formulation prefer-
ences based on mRNA size: C12 was optimal for mABE-Nluc, whereas C1
performedbest for mFluc (Fig.2gand Supplementary Fig.18). Thisdiver-
gence underscores the necessity of selecting size-matched reporter
mRNA during LNP formulation screening to ensure accurate optimiza-
tion. Invivo validation confirmed the superior transfection efficiency
of C12 in mouse lungs compared with C1 for delivering mABE-Nluc
(Supplementary Fig.19). Based on these findings, C12 was selected for
subsequent experiments with Cas9 mRNA (mCas9) and mABE, ensuring
optimal LNP performance for gene-editing applications.

To evaluate the efficacy of CHCha-10 LNPs for in vivo gene edit-
ing, we encapsulated mCas9 and sgTOM sgRNA* (LNP-mCas9/
sgTOM) and administered them intratracheally to Ai9 mice (Fig. 5a
and Supplementary Fig.20). Flow cytometry analysis revealed prefer-
ential editing of lung epithelial cells (-15.8%) with minimal off-target
editing in immune (-1.3%) and endothelial (-0.35%) cells (Fig. 5b,c).
Among epithelial subtypes, editing efficiencies were 6.3% in club
cells, 6.4% in ciliated cells, 11.2% in basal cells and 19.4% in ionocytes
(Supplementary Figs. 20 and 21). Immunofluorescence analysis further
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Fig. 4| Optimization of the ABE system to correct Cftr G542X. a,d, Schematics
ofthe PTC_Nluc BEAS-2B cell line (a) and the Cftr G542X_Fluc BEAS-2B cell line (d),
depicting reporter cells before and after treatment with ABEs. b,e, A schematic
of'the PTC_Nluc (b) and Cftr G542X (e) genes with different sgRNA target sites.

¢, Normalized luminescence intensity of Nluc, relative to untreated groups, in
PTC_Nluc BEAS-2B cells treated with different ABE plasmids combined with five
different sgRNA expression plasmids (n =8, ABE:sgRNA of 3:1, total plasmid
concentration of 2 ng pl™). f,g, Normalized luminescence intensity of Fluc (f)

and T-to-C editing efficiency (g) in Cftr G542X_Fluc BEAS-2B cells treated with
different mABE combined with six different sgRNAs (mABE:sgRNA of 1:1, total
RNA concentration of 1.5 ng pl™). Datain fare from n = 6 biologically independent
samples. The dataingare fromn =3 biologically independent samples. The data
are presented as mean values + s.d. ing. Schematics created in BioRender: a, Li, B.
https://biorender.com/jhc75b1(2026); b, Li, B. https://biorender.com/wlaaz9e
(2026);d, Li, B. https://biorender.com/20qqwf1(2026); e, Li, B. https://biorender.
com/152jouu (2026).

confirmed efficient editingin club, ciliated and basal cells across both
proximal and distal airways (Fig. 5d). Both inhaled CHCha-10 LNPs
and intravenously administered SORT LNPs achieved 15-20% Cas9
editing in lung epithelial cells®*. However, SORT LNPs induced sub-
stantial off-target editing in endothelial cells (-30%) and immune cells
(-5%), whereas CHCha-10 LNPs exhibited minimal off-target effectsin
endothelial (0.3%) and immune cells (1.3%), thereby mitigating the risk
of chromosomal rearrangements and potential off-target toxicity®>®.
To demonstrate the ability of CHCha-10 LNPs to mediate in vivo
base editing, we encapsulated mABE and sgFluc sgRNA into CHCha-10
LNPs (LNP-mABE/sgFluc) and administered them intratracheally to
LumA mice;aluciferase reporter model carrying the R387X nonsense
mutation (c.A1159T) in the Rosa26 locus® (Supplementary Fig. 22a).
This mutation abolishes luciferase activity but can be restored upon
A-to-G correction by ABE. IVIS imaging showed that intratracheal
administrations of LNP-mABE/sgFluc resulted in a tenfold increase
in luminescence signal in the mouse lungs (Supplementary Fig. 22b),
demonstrating efficient pulmonary base editing in LumA mice.
Next, the efficacy of base editing enabled by CHCha-10 LNPs
to restore CFTR expression and functionality in HBE cells carrying
the CFTR G542X mutation was evaluated. CFTR_A9 sgRNA, prepared

following the optimized sgRNA design principles aforementioned, was
loaded withmABE into CHCha-10 LNPs (LNP-mABE/A9,1:1 mABE:sgRNA
ratio, total RNA 3 ng pl™), which were then added to HBE cells with CFTR
G542X (Fig. 5e). Sanger sequencing showed 24.7% on-target T-to-C
editing efficiency with no detectable bystander editing (Fig. 5f,g).
Functional recovery of CFTR protein activity was confirmed using
a fluorescence imaging plate reader (FLIPR) assay to measure chlo-
ride ion (CI") efflux®. Treated cells exhibited markedly enhanced CI-
efflux upon forskolin stimulation, with levels comparable to those of
wild-type (WT) HBE cells (Fig. 5h). The maximum relative fluorescence
intensity (F,,.,) minus the baseline intensity (F,) reflected CFTR activity,
with treated cells demonstrating markedly higher CFTR function than
untreated cells and no statistical difference compared with the healthy
control HBE WT group (Fig. 5i). Western blot and RT-qPCR analyses
confirmed restored CFTR protein (48%) and mRNA expression (67%)
relative to WT levels (Fig. 5j,k).

The therapeutic efficacy of LNP-mABE/A9 was also evaluated
in vivo using the homozygous B6-Tg(G542X)Cwr CF mouse model
(G542X mouse model)®® (Fig. 5I). Intratracheal administration of
LNP-mABE/A9 (0.75 mg kg™) achieved approximately 12% editing effi-
ciencyinbulk lungtissue (Fig. 5m). Efficient on-target T-to-C editing was
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Fig. 5| CHCha-10 LNPs enable ABE-mediated CFTR G542X correctionin vitro
andinvivo. a, A schematic of the experimental procedure for assessing
LNP-mCas9/sgTOM editing efficiency in Ai9 reporter mice. Mice treated with
PBS served as untreated controls. b, A uniform manifold approximation and
projection showing the proportion of tdTomato-positive lung cells. ¢, Flow
cytometry analysis quantifying the percentage of the tdTomato-positive lung
cells (n=3, ordinary two-way analysis of variance (ANOVA), P= 0.0000007546).
d, Representative immunofluorescence images of lung sections from treated
Ai9 reporter mice. Scale bar, 50 pm. A quantification of colocalization signals
between tdTomato-positive cells and different subtypes of lung epithelial cells
(n=6images perregion, n=3biologicallyindependent samples). e, A schematic
ofthe CFTR G542X locus showing the sgRNA target site for the base editor.

f.g, DNA sequencing results (f) and quantitative T-to-C editing efficiency (g) of
treated HBE G542X cells. Quantitative results were analysed by EditR (n = 3).

h, Relative fluorescence signals of treated HBE G542X cells in response to
forskolin (10 uM) and CFTRinh-172 (10 uM), measured by FLIPR assay (n = 5).

Treated

Untreated

i, Maximum forskolin-induced fluorescence signal change (n = 5, ordinary one-
way ANOVA). j k, Western blot (j) and RT-qPCR (k) analyses evaluating CFTR level
intreated HBE G542X cells (n = 3).1, Schematic of the experimental procedure
for assessing editing efficiency in G542X disease mice. m,n, DNA sequencing
results (m) and RT-qPCR quantification (n) of treated G542X mouse lungs (n =3,
unpaired t-test with Welch’s correction). 0, A schematicillustrating the intestinal
organoid-based forskolin-induced swelling assay. p,q, DNA sequencing results
(p) and quantitative T-to-C editing efficiency (q) in treated intestinal organoids
(n=35,unpaired t-test with Welch’s correction, P=0.00000080501). r,s, Images
(r) and quantitative analyses (s) of intestinal organoid swelling (n = 5, unpaired
t-test with Welch'’s correction). Scale bar,1 mm. Percentage area changes were
normalized to O h and quantified using ImageJ. Data are presented as mean
values +s.d.inc, g, i,m,n, qands. Schematics created in BioRender:a, Li, B.
https://biorender.com/juiojéf (2026); e, Li, B. https://biorender.com/rOts4aw
(2026); 1, Li, B. https://biorender.com/7gyoaj0 (2026); o, Li, B. https://biorender.
com/t2enlzt (2026).
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further confirmed by amplicon sequencing (Supplementary Fig. 23),
which led to approximately 50% increase in CFTR mRNA levels com-
pared with untreated controls (Fig. 5n). Moreover, immunofluores-
cence staining confirmed successful restoration of CFTR protein
expression in the lungs of G542X mice treated with LNP-mABE/A9,
whereas no CFTR signal was detected in lungs from untreated mice
(Supplementary Fig. 24).

Although the CF mouse model carries the CFTR G542X nonsense
mutation, its lung tissues do not exhibit CF-related pathology®. To
further evaluate the therapeutic potential of our approachin correct-
ing the CFTR defect, we leveraged intestinal organoids derived from
G542X mouse intestinal stem cells as an ex vivo model. This system
enables functional assessment of CFTR channel restoration following
treatment with LNP-mABE/A9, providing a physiologically relevant plat-
form to validate ABE-mediated recovery of CFTR activity®. Functional
CFTR channelsfacilitateion and water transport, leading to organoid
swelling upon forskolin stimulation (Fig. 50). EditR analysis confirmed
a16.8% T-to-C editing efficiency in treated G542X organoids, with no
detectable bystander mutations (Fig. 5p,q). Following treatment,
forskolin stimulation induced robust organoid swelling (Fig. 5r), and
quantitative analysis at 16 h post treatment revealed a 160% increase
inswelling, indicating restoration of functional CFTR protein (Fig. 5s).
These findings establish CHCha-10 LNPs as an effective vehicle to
deliver therapeutic base editors for gene correction.

Outlook

Efficient in vivo delivery of gene-editing tools to the lungs represents
amajor challenge in advancing therapies for genetic pulmonary dis-
eases. This study addresses this challenge by introducing CHCha-10,
anewly designed amino acid-derived biocompatible ionizable lipid
identified through high-throughput screening, for facilitating mRNA
delivery to lung epithelial cells via inhalation. Although CHCha-10
LNPs exhibit robust efficacy and biocompatibility, clinical translation
requires long-term safety and immunogenicity studiesin large animals,
optimization of nebulization stability for current formulations and
validation of delivery for other CFTR mutations and emerging edi-
tors such as prime editors. Overall, this study establishes inhalable
CHCha-10 LNPs as a non-viral platform for the pulmonary delivery of
RNA-based therapeutics, represents a promising step towards advanc-
ing gene-editing tools for treating genetic pulmonary diseases.
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Methods

All animal studies were approved and conducted in compliance with
the University Health Network Animal Resources Centre guidelines
(AUP#: 6842 and AUP#: 6856).

Plasmid constructs

ABE,,.-SPRY (Addgene, cat.no.140003), ABEg ,,-SpRY (Addgene, cat.
n0.185917) and pGL3-U6-sgRNA-EGFP (Addgene, cat.no.107721) were
purchased from Addgene. ABEg.-SpRY (Addgene, cat. no.185912) and
CE-ABEg.-SpRY (Addgene, cat.no.188913) were cloned into the in vitro
transcription (IVT) template vector (T7 promoter combined with
5'UTR(5’- GGGACATCGTAGAGAGTCGTACTTAGAAAAATCTATAGCAGA
AGTCAGCGGTAGACGCACGGCATAGCATCCAAC-3’) and 3'UTR (5'-
CAAGCACGCAGCAATGCAGCTCAAAACGCTTAGCCTAGCCACACCC
CCACGGGAAACAGCAGTGATTAACCTTTAGCAATAAACGTT-
TAACTAAGCTATACTAACCCCAGGGTTGGTCAATTTCGTGCCAGC
CACACCGAAA-3)), using the NEBuilder HiFi DNA Assembly Clon-
ing Kit (NEB, cat. no.E5520). P2A-Nluc fragment was ordered from
gBlock Gene Fragments (Integrated DNA Technologies) and cloned
into CE-ABEg.-SpRY IVT template vector using the NEBuilder HiFi
DNA Assembly Cloning Kit. To evaluate the sgRNA for correcting the
Cftr G542X mutation in mice, we employed PB_PTC_Nluc and PB_Cftr
G542X_Fluc PiggyBac systems. Stop codon TGA was inserted into
Nluc within pB-EF1a-Nluc-IRES-Puro (Addgene #130936), resulting in
pB-EF1a-Nluc V160X-IRES-Puro (PB_PTC_Nluc). A 45-nucleotide stretch
from the Cftr G542X gene, containing premature termination codon
mutations combined with Fluc (Cftr G542X_Fluc), was inserted into the
pB-EF1a-Nluc-IRES-Puro plasmid, where the Nluc gene was replaced
with Cftr G542X_Fluc, resulting in the PB_Cftr G542X_Fluc. The Cftr
G542X-Fluc fragment was purchased from Integrated DNA Technolo-
gies’ gBlock Gene Fragments. All constructs were transformed into
10-beta Competent cells (NEB, cat. no. C3019) and stored as glycerol
stocksat-80 °C. For subsequent experiments and mammalian assays,
purified vectors were obtained using the PureYield Plasmid Miniprep
(Promega, cat. no. A1222), whichincludes an endotoxin removal step.
Antibiotics for plasmid maintenance and selection during experiments
were purchased from Invivogen. All plasmid sequences were validated
by whole-plasmid sequencing (Plasmidsaurus).

Cell culture

Human lung epithelial BEAS-2B cells (ATCC, cat. no. CRL-3588),
16HBE140- (Sigma, cat.no. SCC150, HBE) cells and CFF-16HBEge CFTR
G542X cells (HBE G542X cells, a gift from Dr Hillary Valley and the
CysticFibrosis Foundation Therapeutic Lab) were maintained in Eagle’s
Minimum Essential Medium supplemented with 10% fetal bovine serum
(Gibco) and 1% penicillin-streptomycin (Gibco). Primary ferret airway
basal cells were kindly provided by Dr Ziying Yan, Dr Yinghua Tang and
DrJohnF. Engelhardt from the University of lowa.

BEAS-2B reporter cell construct

To construct the reporter cell line, BEAS-2B cells were seeded in a 6-well
plate at a density of 1 x 10° cells per well. The cells were then transfected
withFUGENE®6 at 3 plto1 pg (transfection reagent to DNAratio) as recom-
mended by the manufacturer. One pg of DNA contains 0.2 pg of super Pig-
gyBactransposase vector (System Biosciences) and 0.6 pg of PB_PTC_Nluc
or PB_Cftr G542X_Fluc. Three days after transfection, supernatant culture
mediawas replaced with culture mediasupplemented with 2 pg ml™ puro-
mycinselectionreagent (InvivoGen, cat.no.58-58-2). Afterincubating for
24 hwith puromycin, cells were washed with PBS twice and supplied with
new culture media. Surviving cells were designated as PTC_Nluc BEAS-2B
reporter cells or Cftr G542X_Fluc BEAS-2B reporter cells, respectively.

mRNA synthesis and sgRNA
ABEg.-SpRY, CE-ABE.-SpRY and CE-ABE,-SpRY-Nluc mRNAs were syn-
thesized by linearizing ABE plasmids using Ndel (NEB, cat. no. RO111),

cleaning with the FastPure Gel DNA Extraction Kit (Vazyme, cat. no.
DC301), and conducting IVT with the HiScribe T7 RNA Synthesis
Kit (NEB, cat. no. E2040), substituting N'-methyl-pseudouridine-
5’-triphosphate (SyngeneBio) for UTP. The IVT product was precipi-
tated using 3.75 Mlithiumchloride, incubated at —20 °C and pelleted by
centrifugationat17,000g for20 minat4 °C. The pellet waswashed once
withice-cold 70% ethanol, air dried and resuspended in nuclease-free
water. mRNA was capped with the Faustovirus capping enzyme (NEB,
cat. no. M2081) and 2’-O-methyltransferase (NEB, cat. no. M0366),
followed by poly(A) tailing with E. coli poly(A) polymerase (NEB, cat.
no. M0276). The product was purified, quantified by NanoDrop and
diluted to 1 pg pl™ for LNP encapsulation. The sgRNA was chemically
modified with 2’-O-methylation and phosphorothioate bonds in or
between the first three and last three nucleotides and sourced from
IDT (Supplementary Table 3).

ABEs and sgRNA optimization in BEAS-2B reporter cells

For cell-based studies, BEAS-2B reporter cells were seeded in either
96-well or 24-well plates at densities of 1 x 10* or 1 x 10° cells per well,
respectively. mABEs and sgRNA (3:1 w/w for plasmids, 1:1 w/w for
mRNA) were delivered by Lipofectamine 2000 (Fig. 4c) and Lipo-
fectamine MessagerMax (Fig. 4f). Two days later, fresh medium was
addedto each well to ensure adequate nutrition. After 3 days of treat-
ment, bioluminescence from cells in the 96-well plates was measured
using the Nano-Glo reagent (Promega, cat. no. N1120) and quantified
using a plate reader (Citation5). For the 24-well plates, genomic DNA
was extracted using the DNeasy Blood & Tissue Kit (QIAGEN, cat. no.
69504) and amplified using PCR. PCR amplicons were purified using
the Wizard SV Gel and PCR Clean-Up System (Promega, cat. no. A9282)
and sequenced by the TCAG DNA Sequencing Facility at SickKids.
Sequencing data were analysed using EditR®”*® to calculate editing
efficiency. For cells cultured in 24-well plates, total RNA was extracted
using TRIzol reagent (Thermo Fisher, cat. no.15596026) and purified
with the Direct-zol RNA MiniPrep Kit (Zymo, cat.no.R2050). RT-qPCR
was performed using primers listed in Supplementary Table 4 and the
Luna Universal One-Step RT-qPCR Kit (New England Biolabs, cat. no.
E3005). Allreactions were carried outin 384-well plates ona CFX Opus
384 real-time PCR system (Bio-Rad).

lIonizable lipid library synthesis

Amino acids, alcohols and isocyanides were purchased from
Sigma-Aldrich and Tokyo Chemical Industry (TCI). Ester bonds in the
tail chains were synthesized through an esterification reaction between
1,6-diols and the corresponding carboxylic acid chains®®. Meanwhile,
fatty chains with primary alcohol groups lacking ester bonds were
selectively oxidized to aldehydes using Dess-Martin periodinane
reagents, following previously published methods®. High-throughput
synthesis of amino acid-derived lipids was performed in 96-well PCR
plates at a 2:2:1 molar ratio of amino acid, aldehyde and isocyanide.
The reactions proceeded in methanol at room temperature for 24 h
with an acceptable conversion yield’”7%. The crude product under-
went further purification using silica gel column chromatography
(BUCHI) using hexane/ethyl acetate or DCM/methanol as the eluent
for subsequent analysis.

Preparation of LNPs

For high-throughput screening, LNPs were formulated by an auto-
mated OT-2 liquid handler, as described in our previous work®. For
non-high-throughput screening preparations, LNPs were formed
by mixing the aqueous mRNA solution with the lipid-ethanol phase
either manually (for volumes <100 pl) or via a T-junction microflu-
idic device (for volumes >100 pl). The aqueous phase comprised
10 mM citrate buffer containing mFluc (TriLink, cat. no. L-7602),
mCre (TriLink, cat. no. L-7603), in-house synthesized mABE mRNA
or sgRNA (IDT, Alt-R CRISPR-Cas9 sgRNA). The ethanol phase
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contained ionizable lipids, helper phospholipids (DOTAP; Avanti,
cat. no. 890890P; DOPE; Avanti, cat. no. 850725 P; DPPC; Avanti,
cat. no. 850355P; and DSPC; Avanti, cat. no. 850365P), cholesterol
(Sigma-Aldrich, cat.no. C8667), B-sitosterol (ApexBio, cat.no.B6199),
stigmasterol (Cayman, cat.no.10011326) and C14-PEG2000 (Avanti,
cat. no. 880150P) at predetermined molar ratios, typically with an
ionizable lipid:mRNA weight ratio of 10:1. For LNPs prepared via the
T-junction method, the aqueous and ethanol phases were mixedina
microfluidic device at a 3:1ratio using syringe pumps, resulting in a
finalmRNA concentration of 0.1 mg ml™*forinvitro experiments. LNPs
were dialysed against PBS overnight at 4 °C using 100 kDa molecular
weight cut-off Spectra/Por cassettes (Thermo Fisher, cat. no.132670),
and then concentrated via centrifugationin 100 kDa molecular weight
cut-off Amicon Ultra-0.5 filters (Millipore, cat. no. UFC510096). For
pipette-mixed LNPs, the aqueous and ethanol phases were mixed
manually through repeated pipetting.

ALl culture

ALl-differentiated primary ferret basal epithelial cells were kindly pro-
vided by Dr Jim Hu, Dr Zhichang Peter Zhou and Ziyan Chen (SickKids
Research Institute). The differentiation of BEAS-2B cells” or primary
ferretairway epithelial cellsin ALI culture followed STEMCELL protocol.
Inbrief, 3.3 x10* BEAS-2B cells or primary ferret airway epithelial cells
were seeded in the 6.5-mm Transwell insert with 0.2 ml PneumacCult
complete base medium (STEMCELL Technologies). After 3 days of
expansion, the mediain theinsert was aspirated and 0.5 ml PneumaCult
complete base medium in the basal chamber was replaced by 0.5 ml
PneumaCult maintenance media (STEMCELL Technologies). A full
media change was performed every 2 days. After airlifting for 28 days,
cells were differentiated and ready for transfection with LNPs. Before
transfection, 5 pl of artificial sputum medium was applied atop dif-
ferentiated BEAS-2B ALI cultures to mimic airway mucus.

FRET assay

LNP-endosomal membrane fusion was assessed using a FRET-based
assay’. DOPE-conjugated FRET probes NBD-PE and Rho-PE were
formulated into nanoparticles of the same mimetic endosome, which
resulted indiminished NBD fluorescence due to the FRET effect of rho-
damine. Oncelipid fusion occurs, the NBD signal increases due to the
increased distance between the two probes. Endosomal mimetic nano-
particles were prepared by mixing DOPS:DOPC:DOPE:NBD-PE:Rho-PE
(molarratio 25:25:48:1:1) in chloroform, followed by rotary evapora-
tion and then vacuum drying for 2 h to obtain a thin lipid film. The
dried film was subsequently hydrated in PBS (pH 7.4), sonicated for
20 minand thetotal lipid concentration was fixed at1 mM. LNPs were
prepared as described above for high-throughput screening prepara-
tion. PBS (pH 5.5) was added to ablack 96-well plate (100 pl per well),
and then 1 pl of endosomal mimetic nanoparticles (1 mM) and 5 pl
LNPs were added to each well. After incubation at 37 °C for 5 min,
fluorescence measurements were performed onamicroplate reader
at awavelength of excitation 465/emission 520 (F). Only endosomal
mimic anionic liposomes in PBS were set as negative control (F,).
Probe-containing lipids incubated with Triton-X-100 solution (2 wt.%)
were set as a positive control (F,,,,). Lipid fusion (%) was calculated as
(F = Frnin)/ (Frnax = Frnin) % 100%.

TNS binding assay

LNP pKavalues were determined viathe TNS binding assay”’®. TNS rea-
gent was prepared in 300 pM dimethylsulfoxide stock solution. LNPs
and TNSwere diluted to 75 pM and 6 uM, respectively, inapproximately
93 pl of TNS buffer (20 mMboricacid, 10 mMimidazole, 10 mM sodium
acetate, 10 mM glycylglycine and 25 mM sodium chloride; pH 3-10).
The fluorescence was read using Cytation 5 (Biotek) (excitation 321/
emission 445). Sigmoidal best-fit curves were generated in GraphPad
Prism 10 to determine pKa at the pH of half-maximal fluorescence.

Animal experiments

Animals were maintained inaspecific pathogen-free facility under con-
trolled environmental conditions (12 hlightand 12 h dark cycle, 24 °C,
60% humidity) with free access to food and water at the University
Health Network Animal Resources Centre. C57BL/6,B6.Cg-Gt(ROSA)2
6SormocActaiomatotize/y (Aj9), and C57BL/6J-Gt(ROSA)26S0r*™ /) (LumA)
mice were sourced from the Jackson Laboratory. B6-Tg(CFTRG542X)
Cwr (CFTR G542X) mice were kindly provided by Dr Craig A. Hodges
from Cystic Fibrosis Mouse Models Core and Dr Amy Wong and Krista
Antonio from SickKids Research Institute. ROSA™™ transgenic fer-
rets were kindly provided by Dr Ziying Yan, Dr Yinghua Tang and
DrJohn F. Engelhardt from the University of lowa. Mice and ferrets of
both sexes were used in this study. They were randomized assigned
into different groups.

Bioluminescence analysis

The 6-8-week-old C57BL/6 mice were intratracheally administered
with 50 pl of LNP-mFluc (0.3 mg kg™ mFluc, 0.12 mg mI™ LNP-mFluc)
or LNP-mABE-Nluc (0.5 mg kg™ ABE-Nluc mRNA, 0.2 mg ml™*
LNP-mABE-Nluc). A total of 6 h post dose, mice received 2 mg
D-luciferinviaintraperitoneally injection (0.1g kg™, 10 mg ml™). Mice
were anesthetized using 1.5% isoflurane in oxygen and were killed
after 10 min. Lungs were isolated and imaged using In Vivo Imaging
System (IVIS, PerkinElmer). The data were processed with Living Image
Software (PerkinElmer).

Intratracheal administration of LNPs in Ai9, C57BL/6, LumA
and CFTR G542X mice

The 6-8-week-old Ai9 mice were intratracheally administrated with
50 pl of LNP-mCre (0.75 mg kg™ mCre, 0.3 mg ml™ LNP-Fluc) or
LNP-mCas9/sgTOM (0.75 mg kg™ mCas9 and sgTOM, mCas9-to-sgTOM
weight ratiois4:1,0.3 mg ml” LNP-mCas9/sgTOM) following the dosing
schematics mentioned above. A total of 7 days (treating with LNP-Cre)
or 14 days (treating with LNP-mCas9/sgTOM) after first dosing, mice
were killed. Lungs were collected for following flow analysis and
immunofluorescent staining.

The 6-8-week-old C57BL/6 mice were intratracheally administered
50 plof LNP-mABE (0.75 mg kg mABE; 0.3 mg ml™ formulation), PBS or
LPS (0.25 mg kg™). A total of 24 h after dosing, mice were killed. Serum
samples were collected from the tail vein. Mice were killed for BALF
sample collection. Cytokine levelsin serum and BALF were quantified
by Eve Technologies.

The 6-8-week-old LumA mice were intratracheally administrated
with 50 pl of LNP-mABE/sgFluc (0.75 mg kg ' mABE and A9, mABE-to-A9
weight ratio is 1:1, 0.3 mg ml™ LNP-mABE/A9) following the dosing
schematics mentioned above. Eleven days after first dosing, mice
were killed. Lungs were collected for analysing luminescence signal.

The 5-6-week-old CFTR G542X mice were intratracheally admin-
istrated with 50 pl of LNP-mABE/A9 (0.75 mg kg™ mABE and A9,
mABE-to-A9 weight ratio is 1:1, 0.3 mg ml™ LNP-mABE/A9) following
the dosing schematics mentioned above. Three days after the first
dosing, mice were killed. Lungs were collected for analysing editing
efficiency and CFTR mRNA level.

Single-cellisolation from mouse lungs

The collected lungs and proximal airways were placed in ice-cold
PBS. Tissues were minced into small pieces and transferred to a 50-ml
tube with 5 ml of digestion media (DMEM, 300 U ml™ collagenase IV,
100 U mI™* DNase 1)**”7”°, The tube was incubated at 37 °C with shak-
ing (200 rpm) for 30 min. After incubation, the lung cell solution was
filtered through a 70-pm strainer into a fresh tube, rinsed with 10 ml
wash buffer (ice-cold PBS, 1% FBS) and centrifuged at 500g for 5 min.
Thesupernatantwas discarded, and the pellet was resuspendedin10 ml
wash buffer, followed by another centrifugation step. The resulting pel-
let was treated with 5 ml of RBC lysis buffer (Thermo Scientific, cat. no.
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00-4333-57) for 5 min at room temperature to remove red blood cells.
Thelysis reaction was quenched with 10 mlwash media, and the sample
was spunat 500gfor 5 min. The final cell pellet, free of red blood cells,
was resuspended in 5 ml of cell staining buffer (ice-cold PBS, 1% BSA).
The cellswere subsequently stained with antibodies for flow cytometry.

Antibody staining of single cells from mouse lungs and analysis
by flow cytometry

Single-cell suspensions, derived from the mouse lungs and proxi-
mal airways or bulk lungs, were initially blocked with TruStain FcX
blocker (BioLegend, cat. no. 101320) for a period of 15 min. After
that, half of the distal airway cells were stained with Alexa Fluor
594-conjugated anti-mouse CD31 antibody (BioLegend, cat. no.
102520), FITC-conjugated anti-mouse CD45 antibody (BioLegend,
cat. no. 157214), BrilliantViolet 421-conjugated anti-mouse EpCAM
antibody (BioLegend, cat.no.118225) and Zombie NIR Fixable Viability
Kit (BioLegend, cat.no.423106) at room temperature for 30 min (1 pl of
each antibody or dye for 10° cells in 100 ml). Another half of the distal
airway cells and proximal airway cells were incubated with Zombie NIR
Fixable Viability Kit. Following this, the cell pellet was washed twice with
cell staining buffer to eliminate excess antibodies or dye. All the cell
pellet was resuspended in 500 pl of fix/perm solution, part of the BD
Fix/Permkit (BD Bioscience, cat. no.554714), and left onice for 30 min.
Following this, the cells were centrifuged at 500gfor 5 min to obtain cell
pellets. The pellet was then washed three times with 1x fix/perm wash
buffer, before being prepared for antibody staining. Subsequently,
100 pl of the CD31, CD45, EpCAM and Zombie-stained lung cells were
incubated with 1 pl of Alexa Fluor 647-conjugated anti-mouse FOXI1
antibody (NovusBio, cat. no. NBP2-70747AF647) for 30 min. A total of
100 plofthe Zombie-stained lung cells were incubated with 1 pl of Alexa
Fluor-594-conjugated anti-mouse Cytokeratin 5antibody (Santa Cruz,
cat. no. sc-32721), Alexa Fluor 488-conjugated anti-mouse CCSP anti-
body (Santa Cruz, cat. no.sc-390313) and Alexa Fluor 647-conjugated
anti-mouse acetylated tubulin antibody (Santa Cruz, cat. no. sc-23950)
for 30 min. After this incubation period, the cells were washed three
times with a1x fix/permwash buffer to remove any surplus antibodies.
Finally, the cell pellet was resuspended in 100 pl of 1x fix/perm wash
buffer and kept onice until it was ready for analysis by a flow cytometer.

Immunofluorescence staining

Mouse lung samples were fixed with 4% paraformaldehyde for 2 days at
4°C, equilibrated in15% sucrose for 12 h, followed by 30% sucrose for
12 handthen cryosectioned. Frozen tissue sections (10 pum) mounted
oncharged slides were washed three times with PBS (5 min per wash),
then blocked and permeabilized by incubating with a blocking buffer
(PBS with 5% BSA and 0.1% Triton-X) for 1 h. Following three PBS
washes, the slides were stained for 12 h at 4 °C with either Alexa Fluor
488-conjugated anti-mouse Cytokeratin 5 antibody (Santa Cruz, cat. no.
sc-32721) and Alexa Fluor 647-conjugated anti-mouse acetylated tubu-
linantibody (Santa Cruz, cat. no.sc-23950), Alexa Fluor 488-conjugated
anti-mouse CCSP antibody (Santa Cruz, cat. no. sc-390313) or Alexa
Fluor 546-conjugated anti-mouse CFTR antibody (Santa Cruz, cat.
no. sc-376683). The slides were then washed three times with PBS to
remove unbound antibodies and stained with DAPI (Invitrogen, cat.
no.P36931) for 15 min before imaging using the Leica TCS SP§ STED3X
confocal microscope (UHN AMOF).

Differentiated primary ferret epithelial cells in inserts were cut
and mounted on charged slides using Cytoseal 60 mounting media
(Epredia). The inserts were fixed with 4% paraformaldehyde for 15 min
atroomtemperature and washed three times with PBS (5 min per wash).
Then, inserts were blocked and washed as previously mentioned and
stained for 12 h at 4 °C with Alexa Fluor 647-conjugated anti-mouse
Cytokeratin 5 antibody (Santa Cruz, cat. no. sc-32721), Alexa Fluor
647-conjugated anti-mouse acetylated tubulin antibody (Santa Cruz,
cat. no. sc-23950) or Alexa Fluor 647-conjugated anti-mouse CCSP

antibody (Santa Cruz, cat.no.sc-390313). Theinserts were then washed
and stained with DAPI as previously mentioned before performing
Z-stackimaging using the Leica TCS SP8 STED3X confocal microscope
(UHN AMOF).

Ferret lung transfection

The experimentinvolved ferrets has been approved by the Institutional
Animal Care and Use Committees (IACUC) of the University of lowa.
Juvenile ROSA™™€ ferrets (35 days old) were intratracheally sprayed
with 300 pl of LNP-mCre (0.6 mg kg™ mCre, 0.3 mg ml™ LNP-mCre)
by using a microsprayer aerosolizer (PennCentury, model IA-1B).
A total of 14 days after transfection, ferrets were killed. Lungs were
collected for following immunofluorescent staining and H&E stain-
ing. For immunofluorescent staining, ferret lung samples were fixed
and cryosectioned into 10-pm sections as the same procedure for
mouse lung samples. Slides were blocked and washed as previously
mentioned and stained for 12 h at 4 °C with DyLight 550-conjugated
anti-tdTomato antibody (Antibodies-online, cat. no. ABIN7273113)
and FITC-conjugated anti-GFP antibody (Santa Cruz, cat. no.sc-9996).
Slides were then washed and stained with DAPI as previously mentioned
before performing slide scanning using the Zeiss AxioScan fluores-
cence scanner (UHN AMOF).

Intestinal organoid collection and culture

Intestinal organoids were obtained from G542X mice as described
in a prior study®. In brief, mice were killed. Their small intestines
were removed, flushed with PBS and sliced longitudinally. Villi were
scraped off with a razor blade, and the remaining tissue segments
were cut into 0.5-cm pieces, suspended in 25 ml of Gentle Cell Dis-
sociation Reagent (STEMCELL Technologies) and shaken gently for
30 min. In a sterile hood, the segments were vigorously shaken by
hand for 30 s, and the supernatant was collected into a 10-cm dish.
The segments were resuspended in ice-cold PBS (lacking Mg*" and
Ca*) and shaken repeatedly, yielding four fractions of supernatant
enriched with intestinal crypts. These fractions were filtered using
a 70-um strainer and centrifuged at 200g for 5 min. The pellet was
resuspended in a1:1 mix of MatriGel (Corning) and Intesticult Orga-
noid Growth Media (STEMCELL Technologies). The resulting crypts
were diluted to a concentration of 10 crypts pl™, and then plated
into 24-well plates with 35 pl of the MatriGel-OGM mixture per well.
After solidifying the gel at 37 °C for 15 min, 500 pl of OGM was added
to each well, and the plates were incubated at 37 °C with 5% CO,.
Organoids were cultured with medium changes every 3 days and
passaged every 7 days.

Ex vivo G542X correction in intestinal organoids using LNPs
Organoids were incubated in Matrigel droplets in 12-well plates
to prepare organoids for swelling experiments, and then approxi-
mately 75% fusion was achieved. The organoids were then released
from the Matrigel, centrifuged and digested into single cells with
Acutase (Life Technologies). After quenching Acutase with DMEM
containing 10% FBS, individual stem cells (3 x 10* cells per well)
were seeded into Matrigel-coated 96-well plates and treated with
LNP-mABE/A9 twice every 3 days (2.5 ng pl™ total nucleic acid each
time). They were grown for 4-5 days until complete organoids were
formed. A forskolin-induced swelling assay was performed with a
final concentration of 10 pM forskolin and bright field images were
captured with Cytation 5 (Biotek). The area of each organoid at16 h,
whichisindicative of CFTR activity, was evaluated and normalized to
the areaat O h. Organoids only treated 10 uM forskolin were used as
untreated groups. Cells were trypsinized from each well and genomic
DNA was isolated using the DNaeasy Extraction Kit (Qiagen, cat. no.
E1941). The G542X target sequence was PCR amplified using the
QS High-Fidelity 2X Master Mix (NEB, cat. no. M0492) followed by
Sanger sequencing.
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Sanger sequencing analysis

Cells were trypsinized from each well. Genomic DNA was extracted
using the DNaeasy Extraction Kit (Qiagen, cat.no. E1941). The corrected
region of the target gene was amplified by PCR using primers listed in
Supplementary Tables 5and 6, under the following conditions: aninitial
denaturationat 98 °Cfor 30 s, followed by 35 cycles: 10 sat 98 °C,30 s
atthe corresponding temperature for each pair of primers,30 sat 72 °C
and afinal extensionat 72 °Cfor 2 minandincubation at4 °C.Finally, it
was extended at 72 °C for2 minand kept at 4 °C. The PCR products were
purified using the Wizard SV Gel and PCR Clean-Up System (Promega,
cat.no.A9282). The purified PCR products were sequenced at SickKids
TCAG DNA sequencing facility. Sequencing data were analysed using
the EditR web tool®® to assess editing efficiency.

Statistical analyses

Statistical analyses were conducted with Prism 10 (GraphPad Software,
version10.1.1), and the results are shown as individual data points or as
the mean + standard deviation (s.d.). Data collection and analysis were
not performedblind to the conditions of the experiments. No animals
or data points were excluded from the analyses unless explicitly stated.

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

Data availability

Datasupporting the findings of this study are available within the arti-
cleandits Supplementary Information. Sequencing data from ampli-
con NGS experiments are deposited in the NCBI SRA under accession
code GSE317845. Source data are provided with this paper.

Code availability

The code used in Fig. 1e is available via GitHub at https://github.com/
bowenli-lab/AminoAcids.gitand via Zenodo at https://doi.org/10.5281/
zenodo.18613180 (ref. 80) with the MIT licence.
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Software and code

Policy information about availability of computer code

Data collection  Bio-Rad Image Lab Touch software was used to acquire Western blot images;
LAS X v5.3.0 was used to acquire confocal images;
Gen5 v3.12 was used to acquire in vitro luminescence data;
CFX Maestro Software was used to acquire rt-gpcr data;
Living Image v4.5.0 was used to acquire in vivo bioluminescence data;
CytExpert v2.6 was used to acquire flow cytometry data

Data analysis GraphPad Prism v10 was used for statistical analyses.
FlowJo v10 was used for data plotting.
ChemDraw v22.0.0 was used for chemical structure visualization.
MestReNova v14.2.3 was used for NMR data analysis.
EditR v1.0.10 was used for analyzing the editing efficiency of base editors.
ImageJ was used for analyzing organoid swelling and confocal images.
Living Image v4.4 was used for bioluminescence data analysis from animals.
LAS X v3.7.6.25997 was used for processing confocal images.
Bio-Rad CFX Maestro v3.1 was used for analyzing RT-gPCR results.
Bio-Rad Image Lab Touch Software was used for merging Western blot images.
JMP v16 was used for formulation optimization.

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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- 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

All experimental data have been included in the manuscript and supplementary information. The code used in Fig.1e is available in the Github repository (https://
github.com/bowenli-lab/AminoAcids.git) with the MIT License. Sequencing data from amplicon NGS experiments are deposited in the NCBI SRA under accession
GSE317845.

Research involving human participants, their data, or biological material

>
Q
=)
e
(D
O
@)
=4
o
=
—
(D
O
@)
=
)
(@]
wv
C
=
=
)
<

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
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Reporting on sex and gender No research involving human participants was done in this study

Reporting on race, ethnicity, or  No research involving human participants was done in this study
other socially relevant

groupings

Population characteristics No research involving human participants was done in this study
Recruitment No research involving human participants was done in this study
Ethics oversight No research involving human participants was done in this study

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Sample size The sample sizes chosen in this study were consistent with those commonly used and accepted in the field (see references: Nat Biotechnol
(2024), https://doi.org/10.1038/s41587-024-02490-y; Nat Biotechnol 41, 1410-1415 (2023), https://doi.org/10.1038/s41587-023-01679-x;
Science 384, 1196-1202 (2024), DOI:10.1126/science.adk9428). All sample sizes are specified in the figure legends and were sufficient to
perform robust statistical analyses where applicable.

Data exclusions  No data were excluded.
Replication Experiment in general were repeated to confirm the results. All attempts at replication were successful.
Randomization  Cells or animal were randomized by body weight and/or age.

Blinding Experiments were generally blinded.
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Antibodies used Alexa Fluor 594-conjugated anti-mouse CD31 antibody (BioLegend, Cat# 102520, Clone MEC13.3)
FITC-conjugated anti-mouse CD45 antibody (BioLegend, Cat# 157214, Clone S18009F)
BrilliantViolet 421-conjugated anti-mouse EpCAM antibody (BioLegend, Cat# 118225, Clone G8.8)
AlexaFluor 647 conjugated anti-mouse FOXI1 antibody (NovusBio, Cat# NBP2-70747AF647, Clone OTI1D4)
AlexaFluor 594 conjugated anti-mouse Cytokeratin 5 antibody (Santa Cruz, Cat# sc-32721, Clone RCK103)
AlexaFluor 488 conjugated anti-mouse CCSP antibody (Santa Cruz, Cat# sc-390313, Clone B-6)
AlexaFluor 647 conjugated anti-mouse acetylated Tubulin antibody (Santa Cruz, Cat# sc-23950, Clone 6-11B-1)
AlexaFluor 488-conjugated anti-mouse Cytokeratin 5 antibody (Santa Cruz, Cat# sc-32721, Clone RCK103)
AlexaFluor 647-conjugated anti-mouse acetylated Tubulin antibody (Santa Cruz, Cat# sc-23950, Clone 6-11B-1)
AlexaFluor 488-conjugated anti-mouse CCSP antibody (Santa Cruz, Cat# sc-390313, Clone B-6).
AlexaFluor 647-conjugated anti-mouse Cytokeratin 5 antibody (Santa Cruz, Cat# sc-32721, Clone RCK103)
AlexaFluor 647-conjugated anti-mouse acetylated Tubulin antibody (Santa Cruz, Cat# sc-23950, Clone 6-11B-1)
AlexaFluor 647-conjugated anti-mouse CCSP antibody (Santa Cruz, Cat# sc-390313, Clone B-6).
DyLight 550-conjugated anti-tdTomato antibody (Antibodies-online, Cat# ABIN7273113, Polyclonal)
Alexa Fluor 546-conjugated anti-mouse CFTR antibody (Santa Cruz, Cat# sc-376683, Clone A-3)
FITC-conjugated anti-GFP antibody (Santa Cruz, Cat# sc-9996, Clone B-2)
Purified anti-B-actin Antibody (BiolLegend, Cat# 643802, Clone 2F1-1)
HRP Goat anti-mouse IgG (minimal x-reactivity) Antibody (BioLegend, Cat# 405306, Clone Poly4053)
Anti-human CFTR monoclonal antibody 596 (CFFT, Clone 596).

Validation Il antibodies have been validated for target specificity and applications by the manufacturers and published literature:
Alexa Fluor 594-conjugated anti-mouse CD31 antibody (https://www.biolegend.com/en-us/products/alexa-fluor-594-anti-mouse-
cd31-antibody-9633)
FITC-conjugated anti-mouse CD45 antibody (https://www.biolegend.com/en-us/products/fitc-anti-mouse-cd45-antibody-21256)
BrilliantViolet 421-conjugated anti-mouse EpCAM antibody (https://www.biolegend.com/en-us/products/brilliant-violet-421-anti-
mouse-cd326-ep-cam-antibody-9964)
AlexaFluor 647 conjugated anti-mouse FOXI1 antibody(https://www.novusbio.com/products/foxil-antibody-
otild4_nbp2-70747af647)
AlexaFluor 594 conjugated anti-mouse Cytokeratin 5 antibody (https://www.scbt.com/p/cytokeratin-5-antibody-rck103)
AlexaFluor 488 conjugated anti-mouse CCSP antibody (https://www.scbt.com/p/cc10-antibody-b-6)
AlexaFluor 647 conjugated anti-mouse acetylated Tubulin antibody (https://www.scbt.com/p/acetylated-alpha-tubulin-
antibody-6-11b-1)
AlexaFluor 488-conjugated anti-mouse Cytokeratin 5 antibody (https://www.scbt.com/p/cytokeratin-5-antibody-rck103)
AlexaFluor 647-conjugated anti-mouse acetylated Tubulin antibody (https://www.scbt.com/p/acetylated-alpha-tubulin-
antibody-6-11b-1)
AlexaFluor 488-conjugated anti-mouse CCSP antibody (https://www.scbt.com/p/ccl0-antibody-b-6).
AlexaFluor 647-conjugated anti-mouse Cytokeratin 5 antibody (https://www.scbt.com/p/cytokeratin-5-antibody-rck103)
AlexaFluor 647-conjugated anti-mouse acetylated Tubulin antibody (https://www.scbt.com/p/acetylated-alpha-tubulin-
antibody-6-11b-1)
AlexaFluor 647-conjugated anti-mouse CCSP antibody (https://www.scbt.com/p/ccl0-antibody-b-6).
Alexa Fluor 546-conjugated anti-mouse CFTR antibody (https://www.scbt.com/p/cftr-antibody-a-3)
DyLight 550-conjugated anti-tdTomato antibody (https://www.antibodies-online.com/antibody/7177412/anti-tdTomato+Fluorescent
+Protein+tdTomato+antibody+DyLight+550/)
FITC-conjugated anti-GFP antibody (https://www.scbt.com/p/gfp-antibody-b-2)
Purified anti-B-actin Antibody (https://www.biolegend.com/en-us/products/purified-anti-beta-actin-antibody-5714)
HRP Goat anti-mouse IgG (minimal x-reactivity) Antibody (https://www.biolegend.com/en-us/products/hrp-goat-anti-mouse-igg-
minimal-x-reactivity-1395)
anti-CFTR monoclonal antibody 596 (https://cftrantibodies.web.unc.edu/available-antibodies/).

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) Human lung epithelial BEAS-2B cells, HBE cells, and HBE G542X cells were generously provided by Dr. Hillary Valley and the
Cystic Fibrosis Foundation Therapeutics Lab. Primary ferret airway epithelial cells were kindly provided by Dr. Ziying Yan, Dr.
Yinghua Tang, and Dr. John F. Engelhardt from the University of lowa. Primary intestinal stem cells were isolated and cultured
following a standard protocol.




Authentication Cell lines were authenticated based on morphology and growth characteristics following the supplier’s guidelines during the
study.

Mycoplasma contamination All cells were tested, and no mycoplasma contamination was detected.

Commonly misidentified lines  No commonly misidentified cell lines were used.
(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 C57BL/6, B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (Ai9), and C57BL/6J-Gt(ROSA)26Sorem1Crx/J (LumA) mice were purchased
from The Jackson Laboratory. B6-Tg(CFTRG542X)Cwr (CFTR G542X) mice were kindly provided by Dr. Craig A. Hodges from the Cystic
Fibrosis Mouse Models Core, as well as Dr. Amy Wong and Krista Antonio from the SickKids Research Institute. ROSA\(*{mTmG})
transgenic ferrets were generously provided by Dr. Ziying Yan, Dr. Yinghua Tang, and Dr. John F. Engelhardt from the University of
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lowa.
Wild animals This study did not involve wild animals.
Reporting on sex Both male and female mice were used in this study.

Field-collected samples  The study did not involve samples collected from the field.

Ethics oversight All animal studies were approved and conducted in compliance with the University Health Network Animal Resources Centre
guidelines (AUP#: 6842 and AUP#: 6856).

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

Plants

Seed stocks No research involving plants was done in this study.

Novel plant genotypes  No research involving plants was done in this study.

Authentication No research involving plants was done in this study.

Flow Cytometry

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

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

Methodology

Sample preparation The tissues were minced into small pieces and transferred to a 50 mL tube containing 5 mL of digestion media (DMEM, 300
U/mL collagenase 1V, 100 U/mL DNase |). The tube was incubated at 37°C with shaking (200 rpm) for 30 minutes. After
incubation, the lung cell solution was filtered through a 70 um strainer into a fresh tube, rinsed with 10 mL of wash buffer
(ice-cold PBS, 1% FBS), and centrifuged at 1000 rpm for 5 minutes. The supernatant was discarded, and the pellet was
resuspended in 10 mL of wash buffer, followed by another centrifugation step.

The resulting pellet was treated with 5 mL of RBC lysis buffer (Thermo Scientific, Cat# 00-4333-57) for 5 minutes at room
temperature to remove red blood cells. The lysis reaction was quenched with 10 mL of wash media, and the sample was
centrifuged at 1000 rpm for 5 minutes. The final cell pellet, free of red blood cells, was resuspended in 5 mL of cell staining
buffer (ice-cold PBS, 1% BSA) and subsequently stained with antibodies for flow cytometry.




Instrument CytoFLEX S flow cytometer (Beckman Coulter, Inc, USA).
Software Collection: CytExpert; Analysis: FlowJo v10

Cell population abundance Cell populations were generally well-separated, and the maximum number of events was collected from the starting sample
whenever possible.

Gating strategy Gating was initially based on FSC/SSC to select single cells for further analysis. The cell populations were then analyzed based
on marker expression, and subsequent gating was performed based on positive marker levels.

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