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ARTICLE INFO ABSTRACT
Keywords: Cystic fibrosis (CF) is a severe monogenic disease characterized by debilitating lung dysfunction caused by loss-
Gene therapy of-function mutations in the CFTR gene. While CRISPR-based gene editing holds promise for correcting these
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mutations and potentially curing CF, efficient delivery of gene editors to the lung epithelium through the
mucosal barrier remains a major challenge.

Transmucosal delivery In this study, we developed a lung-optimized gene editing strategy using lipid nanoparticles (LNPs) and
Pulmonary gene delivery evaluated it in increasingly complex, biomimetic human-based and patient-derived models. Systematic optimi-
CFTR zation of helper lipids, genetic cargo, guide RNA modifications, and gene editor ratios, alongside analysis of
innate immune responses, achieved ~50 % editing efficiency in the model gene HPRT in two-dimensional
models. Editing efficiency significantly dropped to ~5 % in biomimetic three-dimensional CF bronchial
epithelial tissue models following topical LNP application. Pretreatment with the approved mucolytic agent
dornase alpha increased editing efficiency to ~12.7 %. Finally, in CF patient-derived cells harboring the
CFTRRM192X mutation, our optimized LNP formulation achieved ~12 % correction on gene level, offering a po-
tential treatment avenue for this yet untreatable mutation.

Taken together, this study demonstrates that optimizing the genetic cargo as well as the delivery vehicle is key
when striving for clinically applicable treatment approaches. It further provides insights into gene editing rates in
human-based normal and CF patient-derived bronchial tissue models which express all relevant biological bar-
riers and, thus, can pave the way for topically applicable treatment options for patients with CF and other genetic
lung diseases.

1. Introduction results in the formation of highly viscous mucus hydrogels and impaired

mucociliary clearance. This ultimately promotes severe lung infections

Cystic fibrosis (CF) is a highly debilitating and life-shortening [2], a decline of the lung function and respiratory failure, which remains
monogenic disease that severely affects the lungs, pancreas, and other the primary cause of death amongst CF patients [3,4].

organs [1]. CF is caused by loss-of-function mutations in the cystic The introduction of CFTR modulators, and especially the triple

fibrosis transmembrane conductance regulator (CFTR) gene which combination of elexacaftor-tezacaftor-ivacaftor, has markedly improved
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the treatment and prognosis of CF patients [4,5]. While CFTR modula-
tors restore CFTR function in patients harboring F508del mutations,
they remain ineffective in the ~10 % of CF patients that carry point
CFTR mutations that are not amenable to CFTR modulation therapy [6].
Further, current CFTR modulators do not cure CF and partial restoration
of CFTR function is associated with substantial persisting lung infection
and inflammation [7-9]. Additionally, a life-long treatment is required
which may be associated with distinct adverse effects [4].

Hence, further research is needed when aiming for an efficient
treatment and cure for all CF patients. Exciting advances in CRISPR-
mediated gene editing now provide us with powerful tools to treat and
correct disease-causing mutations of previously untreatable conditions
including CF. [10] As of today, it is theoretically possible to correct ~90
% of all known mutations using increasingly precise gene editing tools
such as base or prime editors [11].

Yet, delivering the genetic cargo to its target site in the lungs remains
a major challenge [12]. While systemic application of lung-targeting
nanoparticles is explored [13], a topical application of the gene edi-
tors remains the most straightforward approach. However, the highly
viscous and sticky lung mucus poses a very restrictive biological barrier.
Normal airway mucus is composed of ~97 % water with the remaining
3 % consisting of mucins, salts, lipids, DNA, and cellular debris [14]. In
CF patients, the mucus is significantly more viscous due to higher mucin
concentrations (~10 %), resulting in smaller pore sizes, increased ionic
concentrations, and lower pH values [1,15,16]. Notably, a doubling of
mucin concentrations leads to a 6-10-fold increase in viscosity, which
significantly hampers drug delivery [12,17-21].

Lipid nanoparticles (LNPs) are currently the most advanced non-viral
gene delivery system yielding exciting preclinical and clinical data in
delivering any type of RNA cargo [22,23]. Yet, we are lacking data that
LNPs can effectively overcome the lung mucus in CF patients to edit the
target cells in the underlying epithelium. While some studies demon-
strate successful editing of the lung epithelium in rodents following
topical and systemic administration, the translational value and pre-
dictivity of these findings for the human situation remains ambiguous
due to distinct interspecies-related differences. In fact, the anatomical
layout and cell composition of murine lungs is very different from
humans and, importantly, rodents produce significantly less mucus
[24-26]. Hence, the biological barriers present in these in vivo models
often poorly represent human (patho)physiology.

In recent work from our lab, we identified critical LNP design criteria
that facilitate the transmucosal delivery of gene editors to the lungs and
result in clinically relevant gene editing rates in human epithelia
[12,27]. Building onto this, here, we report an iterative approach
yielding a lung-tailored gene editing strategy using LNPs. We exclusively
worked with primary human cells and tissue models including CF
patient-derived material to maximize the translational value of our
study. We systematically investigated the impact of helper lipids, mRNA
and single guide RNA (sgRNA) modifications, sgRNA:gene editor ratios
as well as the impact of endosomal escape enhancers and immunosup-
pressants on the gene editing efficacy of the model gene HPRT in human
(disease) models. This eventually enabled us to identify a setup that
results in clinically relevant gene editing rates in human CF disease
models, whereas pre-treatments with the clinically approved mucolytic
dornase alpha doubled the editing efficacy. Finally, we demonstrate the
potential of our lead LNP formulation to correct the point mutation
CFTRF162X in CF patient-derived cells for which no treatment options
are currently available.

2. Results & discussion

2.1. Commonly used LNP compositions yield low editing efficacy in
primary human bronchial epithelial cells

We first examined the transfection efficacy of LNPs composed of
standard helper lipids (DSPC, DOPC and DOPE) and the clinically used
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ionizable lipid MC3 in primary human bronchial epithelial cells (NHBE).
As expected, the transfection efficacy was ApoE dependent and
increased with higher mRNA concentration (0.1-1 pg/mL) (Fig. S1).
Further, DOPE-LNP resulted in the highest luciferase activity and func-
tional GFP expression, respectively (Fig. 1A, B).

We next performed a head-to-head comparison of these LNPs loaded
with Cas9 mRNA/sgRNA targeting the model gene HPRT with respect to
gene editing efficacies. The latter was assessed via a qPCR assay, which
determines the percentage of indel formation (small insertions or de-
letions of <50 base pairs) in the HPRT gene using intercalating dyes. In
NHBEs, we detected 7-9 + 3 % indels, whereas no significant differ-
ences between the LNP formulations were noted (Fig. 1C). Based on
these data, we selected DOPE-LNP and 1 pg total RNA concentration as
baseline for further experiments.

We next tested the editing efficacy of Cas9 ribonucleoprotein (RNP)
compared to Cas9 mRNA. Since delivered in its active protein form that
does not require translation from mRNA, higher editing rates have been
previously reported [28,29]. RNP also caused less cytotoxicity
compared to Cas9 mRNA (71-81 % whether encapsulated into RNAi-
MAX or DOPE-LNP) which is in line with previous data from our lab
(Fig. 1D) [27].

We then assessed the editing efficacy of RNP-loaded DOPE-LNPs
compared to mRNA-loaded DOPE-LNPs in NHBE cells. RNP-loaded
formulations yield 6-10 + 2 % indel formation (Fig. 1E), which did
not differ significantly from mRNA-transfected cells. To benchmark the
low editing rates obtained in primary human NHBE, we ran a compar-
ison in the easy-to-transfect HEK293 cells. We achieved 46 + 3 % indel
formation in HEK293 cells, compared to 10 £+ 2 % in NHBE, demon-
strating that primary human NHBEs are indeed difficult-to-edit cells. It
further demonstrates the poor predictive value of gene editing rates
obtained in cell lines for primary human cells.

Interestingly, other primary human epithelial cells such as skin
keratinocytes are significantly easier to edit indicated by editing rates
>15 % using identical LNP formulations [27]. Other groups have re-
ported similar findings [30,31], including the lack of editing following
RNP transfection with commercial transfection reagents [32]. This
prompted efforts to utilize alternative, peptide-based delivery systems
[32], lentiviral transduction followed by the selection of edited cells, or
electroporation [33-35], the latter of which however is not suitable for
in vivo applications.

To determine if the gene editing efficacies increase when applying
higher total RNA concentrations, we delivered up to 10 pg/mL total Cas9
mRNA/sgRNA to NHBEs via LNP. While this did not increase the indel
formation overall, it even decreased at 10 pg/mL total RNA (Fig. 1F).
Interestingly, the cell viability remained largely unchanged across the
tested RNA concentrations (Fig. 1G) indicating that the reduced editing
efficacy at high RNA concentrations are due to mechanism other than
cytotoxicity.

2.2. Unmodified Cas9 mRNA triggers strong pro-inflammatory responses
in primary human lung epithelial cells, yet these are not causal for the low
editing rates

The lung epithelium is a first defense line of the human body and as
such has developed unique mechanisms to protect it from foreign ma-
terial and pathogens such as distinct RNA sensing and processing
mechanism [36]. Striving to understand the underlying reasons of the
low gene editing efficacies in NHBE, we assessed the immunogenicity of
different Cas9 formats and subsequently its impact on gene editing
efficacy.

It is well established that when tissues and cells sense foreign RNA,
interferons are produced which hamper mRNA translation [37]. We
therefore investigated the impact of unmodified and pseudouridine-
modified Cas9 mRNA and Cas9 RNP on the innate immune response
of NHBE. Bulk RNA-Seq analysis revealed substantially different gene
expression profiles for unmodified and pseudouridine-modified mRNA
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Fig. 1. A) LNPs containing the helper lipids DOPE, DSPC and DOPE loaded with luciferase mRNA and transfected into primary human bronchial epithelial cells
(NHBEs). After 24 h, the luciferase activity was measured as relative light units (RLU). B) Representative fluorescence microscopy images comparing functional GFP
expression 24 h after transfection of NHBEs with DOPE, DSPC, and DOPC-LNP. C) Frequency of indel formation in % (normalized to wild-type (WT) cells) in the
model gene HPRT after transfection of NHBEs with Cas9 mRNA-loaded LNPs. D) Cell viability of NHBEs 48 h after treatment with RNAiMAX, DOPE-, DOPC-, and
DSPC-LNP loaded with Cas9 mRNA and the Cas9 ribonucleoprotein (RNP). E) Frequency of indel formation in % (normalized to WT cells) in HPRT after cell
transfection with RNAiMAX or DOPE-LNPs loaded with either Cas9 mRNA or RNP. F) Frequency of HPRT indel formation in % and G) cell viability of NHBE after
transfection DOPE-LNPs loaded with total RNA concentrations between 0.5 and 10 pg/mL. Data are presented as mean + SEM of at least three biologically replicates.
* indicates statistically significant differences; *p < 0.05; **p < 0.01; ***p < 0.001.

versus RNP-treated NHBE (Fig. 2A, B). As expected, transfection with
unmodified mRNA triggers the upregulation of genes that result in the
suppression of viral genome replication such as OASL, chemokines
(CXCL9, CXCL10 etc.) and interferons (Table S1). Interferons bind to

foreign RNA and, thus, impair the binding of translation initiation fac-
tors, ultimately hampering RNA translation [37,38]. As expected, this
was largely abolished when including pseudouridine modifications
(Table S2). Both were further corroborated by Tmod, KEGG and
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Fig. 2. A) Volcano plots for primary human bronchial epithelial cells (NHBE) transfected with unmodified and pseudouridine-modified Cas9 mRNA and Cas9 RNP,
complexed with sgRNA targeting the HPRT gene, compared to untreated NHBE. Genes are colored by significance (FDR < 0.05 and fold change >1.5). B) Heatmap of
the top 10 regulated genes for the unmodified Cas9 mRNA, pseudouridine-modified Cas9 mRNA, and Cas 9 RNP treated cells. C) Cas9 mRNA and RNP are
differentially trafficked in NHBEs. NHBEs were treated with empty (A-C), mRNA-loaded (D—F) and RNP-loaded (G-I) DiI-LNPs and immunofluorescence staining of

endosomal markers EEA1 (early endosome), RAB11A (recycling endosome) and LAMP1 (late endosome) was conducted. Scale bar represents 50 pm.

REACTOME pathway enrichment analysis. Those yielded main hits for
pathways related to interferon responses and cytokine clusters as well as
innate antiviral response for unmodified mRNA and leukocyte migration
or protein synthesis pathways for cells transfected with modified mRNA
(data not shown). For RNP treated NHBE, no enriched pathways were
detected as well as no major differences in gene regulation were
observed (Fig. 2, Table S3).

These results are noteworthy as we do not see improved gene editing
when transfecting NHBE with modified or unmodified Cas9 mRNA
(Fig. 1E, 3A) and only a slight increase with Cas9 RNP (Fig. 1E) indi-
cating that innate immune responses are not the primary reason for the
generally low editing efficacy.

Another bottleneck of hydrophilic and bulky therapeutics such as
RNA is the endosomal maturation pathway subsequent to endosomal
uptake and, thus, the challenge of endosomal escape which, however, is
essential for functional effects [39,40]. Different factors including the
size, zeta potential, cell type and carrier composition affect endosomal

trafficking [41,42]. Also, some endosomes are processed towards
exocytosis or maturation into lysosomes, which ultimately leads to
degradation of the therapeutic cargo [43]. It is thus essential to unravel
the intracellular trafficking to identify potential levers that could be
used to increase the therapeutic index of genetic cargo. Hence, we
determined the intracellular route of empty, mRNA or RNP-loaded Dil-
labeled LNP and observed distinct compartmentalization (Fig. 2C).
While mRNA-LNP predominantly colocalized in recycling and late
endosomes, RNP-LNPs preferably colocalized with early and late endo-
somes. This may also explain the slightly higher editing efficacy
observed with RNP-LNP (Fig. 1) as endosomal escape events occur more
frequently from early endosomes [44,45].

2.3. Modifying sgRNA structure and sgRNA:mRNA ratios boosts gene
editing efficacy

Next, we aimed to enhance the gene editing rates in NHBEs testing a
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Fig. 3. A) Frequency of indel formation in the HPRT gene in % (normalized to wild-type (WT) cells) in NHBEs treated with mRNA or RNP-loaded LNPs or RNAiIMAX
in the presence or absence of dexamethasone (DEX), 100 % pseudouridinemodified Cas9 mRNA (y) and highly modified sgRNA (mod_sgRNA). B) 2-O-methylation
pattern of highly modified sgRNA (Mod_sgRNA) compared to classic end modified sgRNA. C) Frequency of HPRT indel formation in % (normalized to WT cells) after
transfection of NHBEs with Cas9 mRNA or RNP-loaded LNPs at varying sgRNA/Cas9 ratios. D) Cell viability of NHBEs treated with increasing concentrations of
S01861 to determine the optimal dosage. E) Frequency of HPRT indel formation in % (normalized to WT cells) after transfection of NHBE cells with mRNA or RNP
loaded LNPs (1:1 sgRNA:Cas9 ratio) and (pre-)treatment with SO1861 after different timepoints. Data are presented as mean + SEM of at least three biological
replicates. * indicates statistically significant differences over LNP-mRNA (1:1 sgRNA:mRNA and untreated with SO1861); *p < 0.05.
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variety of approaches. First, we focused on strategies that mitigate the
innate immune responses triggered by the RNA cargo. Considering the
distinct pro-inflammatory effects of unmodified Cas9 mRNA, we tested if
immunosuppressants like dexamethasone (DEX) would improve gene
editing rates. However, as expected based on the bulk RNA-Seq data, no
significant changes in indel percentage was observed (Fig. 3A). We also
compared the editing efficacy of unmodified and 100 % pseudouridine
(¥)-substituted mRNA. The latter reportedly increases mRNA stability
and reduces its immunogenic potential and interferon levels [46].
However, again, no significant improvement was observed (Fig. 3A).
Subsequently, we tested DOPE-LNPs with highly modified sgRNA
(mod_sgRNA) which contains 2-O-methylated bases throughout the
stem-loop portion of the sgRNA sequence, which increases the stability
of the loop and, thus, of the sgRNA overall, safeguarding it from
degradation [47] (Fig. 3B). Classic sgRNAs are end-modified meaning
that the last 3-4 bases on each end are 2'-O-methylated. Yet again, no
increase in indel percentage was observed (Fig. 3A).

Notably, sgRNA is prone to faster degradation than Cas9 mRNA and
RNP. To compensate for this, we next tested the impact of sgRNA:Cas9
ratios on indel formation. Indeed, increasing the sgRNA:Cas9 RNP ratios
from 1:1 to 3:1, 6:1 and 7:1 yielded improved gene editing (~15 % indel
formation) (Fig. 3C). Interestingly, for Cas9 mRNA, only moderate and
statistically non-significant effects were detected. Similar to other data
presented earlier, sgRNA:mRNA ratios 7:1 and 10:1 resulted in reduced
editing likely due to the high total RNA concentrations and potential
stimulating effects of the innate immune response hampering its protein
translation.

Finally, we investigated the impact of the endosomal escape
enhancer SO1861, a glycosylated triterpenoid, which facilitates endo-
somal escape of drugs into the cytosol [48]. Endosomal escape is a major
bottleneck for genetic cargo with only <2 % reaching the cytosol [49]
and, thus, being available for the actual gene editing. After identifying
the maximal, non-toxic SO1861 dose (2 pg/mL), we added the enhancer
at different time points after LNP treatment. While SO1861 had minor
effects on mRNA-induced indel formation, it again significantly boosted
RNP-induced indel formation from ~8 % to ~15 % (Fig. 3E).

Despite the possibility to increase gene editing efficacies after RNP
delivery, the protein cannot be properly encapsulated in LNP [27] and
RNP-loaded LNP hamper mucus penetration due to their large size [12].
Hence, we focused on mRNA cargo for the rest of the study.

2.4. Ionizable lipids significantly boost gene editing efficacy in NHBE

In previous work from our lab, we assessed the impact of ionizable
lipids on the gene editing efficacy in primary epithelial cells including
NHBE. We tested a range of ionizable lipids with pKas between 5.4 and
8.1 [27]. This screen identified ionizable lipids with a pKa ~7.1 as su-
perior yielding gene editing rates of ~30 % (indel formation) in NHBE,
outperforming other LNP formulations [27]. Since we failed to signifi-
cantly increase the editing efficacy of mRNA-LNP in NHBE using the
approaches detailed above, we continued our studies with this superior
LNP formulation, termed LNP H. We also focus on mRNA-loaded LNP as
RNP-loaded LNP have inferior mucus penetrating properties [12]. With
LNP H, we tested the effect of combined strategies to enhance gene
editing efficacies in normal and CF patient-derived NHBE. Importantly,
functional mRNA expression in NHBE obtained from CF patients and
non-CF donors do not differ following LNP transfection (Fig. 4A).

We first combined the most promising sgRNA:Cas9 mRNA 3:1 ratio
with highly modified sgRNA and encapsulated it in LNP H (Fig. 4B).
Transfecting NHBE with LNP H resulted in 30 % indel formation. Un-
expectedly, however, increasing the sgRNA:Cas9 mRNA ratio to 3:1 did
not further improve the gene editing rate. Interestingly, the combination
with mod_sgRNA resulted in ~50 % indel formation which significantly
outperformed all other treatments (Fig. 4B), while not impairing
biocompatibility (Fig. 4C). These results clearly indicate distinct and still
unknown effects of the LNP formulation itself. While it is clear that the
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ionizable lipid has a major impact, the exact mechanism remains
ambiguous.

2.5. Gene editing rates drop dramatically in human 3D bronchial
epithelial tissue models, but can be increased by pre-treatments with
dornase alpha

The data presented so far have been generated in 2D cell monolayers.
While this represents a critical initial test strategy, cell monolayers fail to
reflect the native tissue architecture and lack the relevant biological
barriers such as the mucus layer and beating cilia. Hence, to assess the
gene editing efficacy of topically applied LNPs in a physiological envi-
ronment, we utilized highly differentiated, human 3D bronchial
epithelial models grown at the air-liquid interface (Fig. 5A) [50] which
express all relevant biological barriers of human lungs. This includes a
pseudostratified epithelium, beating cilia, and continuous mucus pro-
duction and flow (Fig. 5A-C; supplementary video 1, Fig. S3) which is
pivotal when striving for predictive preclinical data. While the func-
tional characteristics of 3D bronchial epithelial models can vary be-
tween donors, our models consistently demonstrate excellent surface
coverage with ciliated cells, a tight epithelial barrier evidenced by
transepithelial electrical resistance (TEER) values within the literature-
reported range of 150-600 Q-cm? [51], and physiological ciliary beat
frequencies (4-15 Hz [52,53]). Mucus production increases over time in
a manner comparable to previously published data [54] (Fig. S3). While
obtaining directly comparable human data on physiological mucin
concentrations is challenging, analysis of bronchoalveolar lavage fluid
(BALF) has shown MUCS5AC levels, the predominant mucin in the lung,
ranging from 4 to 12 ng/mL [55]. These values fall within the same
order of magnitude as those observed in our models (~10-70 ng/mL,
depending on cultivation time). It is important to note, however, that
BALF typically underestimates true mucin concentrations due to sample
dilution, processing-related degradation, and other limitations.

Following a thorough characterization of the bronchial epithelial
models, we first compared functional GFP expression of LNP H and
DOPE-LNP in normal bronchial epithelial models. While no GFP
expression was observed following the topical application of DOPE-LNP,
LNP H application resulted in functional GFP expression demonstrating
its ability to effectively penetrate the mucus layer (Fig. 5D).

Next, we assessed the indel formation in normal bronchial epithelial
models following topical LNP application. We initially tested LNP H
loaded with 1:1 Cas9 mRNA:sgRNA at total RNA concentrations ranging
from 1 to 12 pg. In line with the 2D data, increasing the total RNA
amount did not further increase indel percentage in the 3D bronchial
epithelial models and highest indel formation was obtained with 3 pg
total RNA yielding ~7 % editing (Fig. 5E). For comparison, this
formulation edited 30 % of the cells in a 2D monolayer (Fig. 4B).

We then generated bronchial tissue models using CF patient-derived
NHBE which harbor the most common CFTR mutation F508del. As such,
they develop key features of CF such as the significantly higher mucus
viscosity. Impaired CFTR function in the 3D tissue models was verified
by transepithelial ion transport measurements (Fig. 5F). The robustness
of CFTR function was evident in the healthy 3D models, displaying a
pronounced forskolin response, which was effectively suppressed by the
specific CFTR inhibitor, CFTRinh-172, indicating functional CFTR ac-
tivity (Fig. 5F). Notably, CF donor cultures exhibited expected charac-
teristics, with minimal forskolin-induced responses and CFTRinh-172-
sensitive currents. However, upon treatment with elexacaftor and
tezacaftor (ET) for 24 h prior to measurement, followed by acute
administration of ivacaftor (I), augmentation in these currents were
observed (Fig. 6G-H). This observation suggests a functional rescue of
CFTR chloride channel function following ETI treatment. The consis-
tency of CFTR function across healthy, CF, and ETI-treated cultures
aligns with anticipated outcomes. Following topical application of LNP
H on 3D CF bronchial epithelial models, functional GFP expression was
observed following LNP H application (Fig. 5D), although less
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Fig. 4. A) Representative fluorescence microscopy images of function GFP mRNA expression in non-CF and CF patient-derived NHBEs (CF-NHBE) 24 h after
transfection with LNP H. Scale bar = 150 pm. B) Frequency of indel formation in the HPRT gene in % (normalized to wild-type (WT) cells) after transfection of CF-
NHBEs with LNP H loaded with 1:1 sgRNA:Cas9 mRNA (LNP H), 3:1 sgRNA:Cas9 mRNA (LNP H 3:1), and 1:1 highly modified sgRNA:Cas9 mRNA (LNP H mod -
sgRNA). C) Cell viability of CF-NHBEs treated with LNP H, LNP H 3:1 and LNP H mod_sgRNA. Data are presented as mean + SEM of at least three biological
Eeplicates. * indicates statistically significant differences over the indicated groups; *p < 0.05.

pronounced than in healthy bronchial epithelial models. The indel for-
mation rates in CF bronchial epithelial models reached 5 % + 2.14
which was slightly lower than in non-CF bronchial epithelial models (7
% =+ 1.53, Fig. 5I). This drop in editing efficacy is likely attributed to
increased mucus secretion and viscosity, resulting in fewer LNPs
reaching the epithelial cells. Nevertheless, flow cytometry analysis of
topically treated CF models demonstrated successful transfection of
basal cells (TP63+; Fig. S5) within the bronchial epithelial model from
which the bronchial epithelium regenerates. While the percentage of
successfully transfected basal cells was low (~3 %) it represents an
initial indication that topical LNP application may yield a durable and
potentially curative effects. Single cell sequencing experiments will
provide more detailed insights into the edited cells and potential down-
stream effects.

Next, we investigated the impact of a pretreatment with the clinically
approved mucolytic drug Pulmozyme® (dornase alfa) prior to LNP
application. Pulmozyme® is a nebulized DNAse I enzyme which reduces
sputum viscoelasticity and is inhaled by CF patients twice per day as part
of their mucus clearing routine. We topically pretreated 3D CF bronchial
epithelial models with dornase alfa using a 15 U dose (0.015 mg at 1 mg/
mL). 15 U was selected as a mid-low starting point as previous studies
had looked at ranges from 3 U to 100 U and found no toxicity in cell
culture [56]. Notably, the 4 h pretreated models achieved a significant
improvement in editing, 9.32 £+ 0.96 % indel formation, an almost 2-
fold improvement in editing and the highest editing levels we
observed in 3D CF bronchial epithelial models (Fig. 5J). Lastly, we
sought to evaluate the dose-dependent response to DNAse I (Fig. 5K).
Excitingly, editing increased with increasing doses of DNAse I in a dose-
dependent manner and a high of 12.7 % editing was achieved with 60 U
of DNAse I resembling a substantial improvement the gene editing
levels. Interestingly, 60 U and 120 U performed very similarly indicating
that an optimal dose is likely between 60 and 120 U. The established
clinical mode of action of DNAse I is the degradation of microbial DNA
which is highly abundant in CF patient mucus. As the 3D bronchial
epithelial models are sterile, another mechanism seems to play a role.
We therefore assessed the LNP diffusivity in mucin samples before and
after DNAse I treatment. Most interestingly, the latter resulted in
significantly enhanced LNP diffusivity (20.9 x 1072 pm?%/s vs. 40.9 x
10~2 pm?/s; Fig. S4, Supplementary Videos 2 and 3) indicating direct
effects on mucins and/or the mucus hydrogel.

While the significant drop of editing rates in 3D tissue models
compared to the 2D monolayer cultures was expected, editing rates of
5-10 % are potentially clinically relevant. In fact, a recent study
demonstrated that editing rates of merely 1.27 % =+ 0.29 % yielded a
restoration of CFTR function of ~30 % compared to the wild-type [57].
Here, a viral vector has been employed which has distinct limitations
including safety concerns, immunogenicity and high production costs.
Other studies also reported that correcting between 5 %-10 % of the
cells suffices to restore CFTR function [32,58].

Interestingly, Siegwart and colleagues [59] achieved <16 % editing
in NHBE using the SORT LNP technology. With our approach, we yiel-
ded substantially higher editing levels (<50 % editing; Fig. 4) using
comparable experimental settings. It should be noted, however, that
Siegwart and colleagues reported homology-directed repair (HDR) rates,
whereas we studied indel formation. The latter tends to yield higher
editing efficacies than HDR.

Similar to our data, Siegwart and colleagues also reported a signifi-
cant drop (to 4 %) of gene editing rates in 3D tissue models. Unfortu-
nately, the exact nature and structure of their 3D cultures was not

detailed rendering a direct comparison to our approach difficult. Here,
we report 12.7 % editing with our combinatory DNAse I/ LNP delivery
approach which significantly outperforms previous data. Another paper
from the Siegwart lab [13] reported the topical application of dT Tomato
mRNA-loaded LNP onto 3D bronchial epithelial models. While they
demonstrated successful mRNA translation, no gene editing rates were
reported.

To the best of our knowledge, these are the only studies were LNPs
were topically administered onto human 3D bronchial epithelial models.
Such studies, however, are pivotal to close a critical translational gap
when moving from bench-to-bedside. While rodent models remain most
commonly used for drug delivery studies to the lungs, it should be
highlighted that rodents produce very little mucus and present a very
different anatomical lung layout compared to humans [60]. Their poor
predictive value has also been showcased by the failed Translate Bio
clinical trial. Despite positive preclinical outcomes in mouse models and
non-human primates, aerosolized LNPs failed to induce functional CFTR
mRNA expression in CF patients. The authors noted that robust mRNA
expression was not achieved in primary NHBE cells, highlighting a key
limitation in their model selection [61]. 3D CF patient-derived models
emulates the environment in a human respiratory tract more closely by
expressing all relevant biological barriers rendering them critical tools
when testing and developing drug delivery strategies yielding improved
translation from bench-to-bedside. In vivo models, however, remain
essential for other aspects of preclinical development such as bio-
distribution and toxicity studies.

2.6. LNP-mediated base editing of the disease-causing mutation
CFTRR1162X using a novel adenine deaminase (ABE) base editor

Finally, we sought to provide the proof-of-concept for clinically
relevant gene repair of a CF inducing point mutation using LNP H to
deliver custom base editor mRNA. We selected the mutation CFTRR!162X
which is a relatively common point mutation in CF patients and is
theoretically amenable to adenine deaminase base editing. Adenine
(ABE) base editors can repair the highest proportion of all single
nucleotide mutations and are generally safer than cytosine base editors
in terms of global transcriptome/genome effects [62-64].

First, we compared editing with two different ABEs in a HEK293 cell
line that stably expresses a single copy of a CFTR gene fragment con-
taining the R1162X mutation. This was selected as a starting point to
demonstrate proof-of-concept editing in an ‘easy to culture and trans-
fect” immortalized cell line (Fig. 6A). The first ABE we tested was ABE8e-
SpRY, which is a combination of a loosened PAM tolerance Cas9 variant
[65] with the highly active “ABE8e” variant of the TadA deaminase
[66]. The second ABE we compared was “ABE9p-SpRY” which is a novel
combination of ABE TadA9 variants previously reported to produce high
editing in plants [67]. We codon optimized it for mammalian expression
by using the mammalian ABE8e architecture with these additional
variants added and then combined it with the loosened protospacer
adjacent motif (PAM) tolerance, SpRY, Cas9 variant. To the best of our
knowledge this is the first report of successful editing in mammalian
cells (Fig. 6B). Both ABE8e-SpRY and ABE9p-SpRY effectively corrected
the CFTRR%2X site in HEK cells; 50 + 3.06 % and 58 + 8.54 %
respectively. Although statistically not significant, there was a trend of
higher editing rates with ABE9p-SpRY over ABE8e-SpRY.

Finally, ABE9p-SpRY was encapsulated in LNP H at a 1:1 ratio of
mRNA:hypermodified sgRNA and 1 pg and 3 pg LNP H total was
delivered to primary human nasal epithelial cells (Fig. 6B). CF nasal
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Fig. 5. A) Scheme and representative histological image of a human 3D bronchial epithelial model. B) Alcian blue staining shows the mucus layer on top of the cilia
in 3D models. C) Close-up (100x objective) image of the cilia on top of the epithelial layer of the 3D models. D) Representative images showing functional GFP mRNA
expression in normal and CF patient-derived 3D bronchial epithelial models following topical application of DOPE-LNP and LNP H. E) Frequency of indel formation
in the HPRT gene in % (normalized to wild-type (WT) cells) in non-CF 3D bronchial epithelial models following topical application of Cas9 with LNP H (1:1 sgRNA/
mRNA ratio) using increasing total mRNA concentrations. F—H) Administration of elexacaftor/tezacaftor/ivacaftor (ETI) effectively restores cystic fibrosis trans-
membrane conductance regulator (CFTR) functionality in 3D CF models. (F) Tracing of short-circuit transepithelial current (ISC) measurements in cultures from a
healthy donor (black) and CF donor (blue -vehicle and red +ETI). Quantification of the effect of (G) cAMP activation (AForskolin/IBMX) and (H) CFTR inhibitor-172
(ACFTRinh-172) on normal and CF bronchial epithelial tissue models. I) Frequency of indel formation in % (normalized to WT cells) in 3D CF bronchial epithelial
models following topical application of Cas9 with LNP H, LNP H mod_sgRNA, and LNP H 3:1 sgRNA/Cas9 at 1 yg and 3 pg total RNA concentrations. J) Frequency of
indel formation in the HPRT gene in % (normalized to wild-type (WT) control models) after topical application of LNP H 3:1 sgRNA/Cas9 (3 pg total RNA) onto
untreated and dornase « pretreated 3D CF models. K) Frequency of indel formation in the HPRT gene in % (normalized to wild-type (WT) control models) after topical
application of LNP H 3:1 sgRNA/Cas9 (3 ug total RNA) onto untreated and DNAse I pretreated 3D CF models. Data are presented as mean + SEM of at least three
biological replicates. * indicates statistically significant differences over the indicated groups; *p < 0.05. (For interpretation of the references to colour in this figure
lf:gend, the reader is referred to the web version of this article.)

<

epithelial cells were heterozygous for the R1162X mutation and LNP H optimization of the mRNA architecture and the application in 3D tissue
treatment resulted in a ~ 11.8 % editing at the target nucleotide with 3 settings.

pg LNP H (37.5 4 1.32 % in untreated cells, 47.3 &+ 0.95 % with 1 pg and

49.3 + 1.76 % with 3 pg LNP H). Importantly, prior research by Geurts 3. Conclusion

et al. 2020, on CFTRR192X yielded a ~ 8 % editing rate only after

enrichment for positively transfected cells using plasmid DNA base ed- This study presents a systematic approach to optimize gene editing
itors delivered via electroporation to nasal organoids [10], the latter of efficacies in 2D and 3D human lung models yielding clinically relevant
which is not applicable in vivo. Future work will focus on the in situ editing rates in 3D CF disease models following topical
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application.

The importance of integrating human-based models in preclinical
research has been recently showcased by the failure of a clinical trial
conducted by Translate Bio. Here, aerosolized LNPs failed to induce
functional CFTR mRNA expression in CF patients [61] despite positive
preclinical data generated in HEK293 cells, mouse models and non-
human primates. The authors stated, however, that they were unable
to produce robust mRNA expression in primary human bronchial
epithelial cells, which is a major red flag and highlights a key limitation
in model choice. While in vivo models remain critical for certain aspects
in preclinical development such as biodistribution and biocompatibility,
the complementary use of human-based models of high clinical bio-
mimicry, either freshly excised or bioengineered, is pivotal and can
significantly enhance the translational value of preclinical research.

Our study demonstrates that optimizing the genetic cargo as well as
the delivery vehicle is key when striving for clinically applicable treat-
ment approaches. While the overall editing rate remains low, a growing
body of literature shows the potential therapeutic benefits of correcting
even a small fraction of cells — not only in CF. [68] In addition, opti-
mizing the LNP with respect to their transmucosal diffusivity has great
potential to even further increase its efficacy [12]. Finally, thinking
about a clinical application, combinations with mucolytics such as
dornase alfa or novel mucus reducing agents [69,70] may further
improve the correction rates and should be investigated Eventually,
successful transmucosal delivery will offer great therapeutic opportu-
nities not only for CF, but also other genetic lung diseases such as pri-
mary ciliary dyskinesias, or genetically determined interstitial lung
diseases such as surfactant protein B or C deficiencies. Another critical
aspect that requires attention in future studies is the aerodynamic
compatibility of the LNPs which is mandatory when striving for local
lung administration. Different approaches are currently explored such as
spray-drying LNPs [71] or harnessing LNP-“friendly” inhalers or nebu-
lizers [72] as well as novel aerosolization technologies to reduce shear
stress and, thus, preserve the physicochemical properties and biological
activity of LNP-mRNA [73].

4. Methods
4.1. Materials and primary cells

Single guide RNAs (sgRNAs; HPRT: AATTATGGGGATTACTAGGA,
CFTR: ACTCAGCTCACAGATCGCATCAA), GFP mRNA, Cas9 protein
nuclease, PCR primers, and probes, as well as PrimeTime qPCR mix,
were purchased from IDT (San Jose, CA, USA). The Cas9 mRNA was
purchased from TriLink Biotechnologies (San Diego, CA, USA). Pneu-
maCult™-Ex Plus medium and PneumaCult™-ALI medium were ob-
tained from StemCell (Vancouver, BC, Canada). Dulbecco’s Modified
Eagle’s Medium (DMEM), fetal bovine serum, and penicillin were pur-
chased from Fisher Scientific (Mississauga, ON, Canada). Apolipoprotein
4 (ApoE4) was obtained from Peprotech (Rocky Hill, NJ, USA). Healthy
and cystic fibrosis primary human bronchial epithelial cells (NHBE)
were purchased from Epithelix (Geneva, Switzerland), ATCC (Manassas,
Virginia, USA), and McGill University (Montreal, Quebec, Canada).
NHBE cells were cultured in PneumaCult™-Ex Plus media for 2D
culturing or in PneumaCult™-ALI medium for 3D model culturing. All
cells were maintained at 37 °C in a humidified atmosphere containing 5
% COa.

4.2. Lipid Nanoparticle (LNP) preparation and loading

To generate LNPs, a lipid mixture dissolved in ethanol at appropriate
ratios to achieve a final concentration of 10 mM lipid was injected with
an aqueous phase containing Cas9 mRNA and HPRT sgRNA through a T-
junction at a 3:1 volume ratio and an amine-to-phosphate (N/P) ratio of
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6.87. Flow rates were adjusted to 5 mL/min for the lipid-phase syringe
and 15 mL/min for the aqueous-phase syringe containing the RNA dis-
solved in 25 mM sodium acetate (pH 4), resulting in an output flow rate
of 20 mL/min. The resulting formulation was dialyzed in Spectra/Por 2
12-14kD molecular weight cut-off (MWCO) dialysis tubing (Spectrum
Laboratories) against 1000-fold volume of phosphate-buffered saline
(pH 7.4) overnight at room temperature to remove the ethanol. The
formulations were then sterile-filtered and concentrated to target
nucleic acid concentrations using 10 kDa Amicon filters (Sigma-
Aldrich).

For RNP loading, a benchtop mixing approach was utilized. Empty
LNPs were prepared as described above followed by cargo loading [74].
Here, RNP complexes were formed by combining sgRNA with the Cas9
protein at 1:1 equimolar ratio in 10 mM Tris, 0.1 mM ethyl-
enediaminetetraacetic acid (EDTA) buffer at pH 7.5 to a final working
concentration of 25 pM, followed by incubation at room temperature for
5 min. For LNP-RNP complexation, 100 nM RNP (pH 7.5) was mixed
with LNPs at L/R 500 (LNPs amounts with initial stock of 3 mM; 0.053
pmol (L/R 500)). For other sgRNA to Cas9 protein molar ratios
(3:1-10:1), the sgRNA amount was adjusted accordingly. For mRNA
encapsulation, sgRNA and Cas9 mRNA were mixed with a 1:1 equimolar
ratio to a 10 pg/mL final working concentration.

The final lipid concentration was determined using a Total Choles-
terol Assay kit (Wako Chemicals, Richmond, VA, USA). A typical LNP
formulation would consist of ionizable cationic lipid, phospholipid
(DOPE  (1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphoethanolamin),
DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine), or DOPC (1,2-Di-
(9Z-octadecenoyl)-sn-glycero-3-phosphocholin)), cholesterol, and PEG-
lipid at 50/10/38.5/1.5 mol%, respectively. For systems incorporating
fluorescent labels, Dil-C18 (Invitrogen, Carlsbad, CA) was added at 0.2
mol% instead of cholesterol. All ionizable lipids except for MC3 were
proprietary cationic lipids synthesized by NanoVation Therapeutics.
After adding the RNP to the lipids, which were dispersed in a pH 4 ac-
etate buffer, a neutral buffer or cell culture medium was swiftly added to
adjust the formulation to pH 7.4. For treatments involving dexametha-
sone (DEX), NHBEs were pretreated with 100 nM DEX (40 ng/mL) in
Pneumacult Ex-Plus media for 2 h at 37 °C with 5 % CO,, followed by the
addition of LNP-mRNA or LNP-RNP. 24 h later, the media was changed
and cells were kept for another 24 h. SO1861 was isolated from Sap-
onaria officinalis L. as described elsewhere [75]. 2 pg/mL SO1861 was
added to LNP-mRNA or LNP-RNP-treated NHBEs at 0.5, 2, and 7 h,
respectively. Notably, previous work from our lab has determined crit-
ical design parameter for LNPs aiming for superior mucus penetrating
properties by modulating PEG levels and compositions [12]. These PEG
modifications have not been included in this study, where we focused on
strategies to optimize the gene editing efficacies.

4.3. LNP characterization

For sizing and determining the { potential of LNP formulations, the
samples were diluted in 1 mL of cell culture media (pH 7.4). The number
mean (d.nm), polydispersity index (PDI), and { potential were then
measured using a Zetasizer Nano ZS instrument (Malvern Panalytical,
St. Lauren, Canada).

To determine the encapsulation efficiency (EE%) of RNP and mRNA,
the Quant-iT Ribogreen fluorescence assay was conducted as per the
manufacturer’s instructions. In brief, the loaded LNPs were diluted in
sodium acetate buffer (pH 4.0) containing Ribogreen, with or without
0.5 % (w/v) Triton X-100 in Tris-EDTA buffer. Fluorescence was
measured at Aex = 500 nm and Aem = 525 nm. The total RNP and mRNA
content was determined from a standard curve, and EE% was calculated
by comparing RNP and mRNA concentrations with and without Triton
X-100. A summary of the LNP characteristics used in this study is pro-
vided in Table 1.
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Table 1
Lipid nanoparticle (LNP) size, polydispersity index, encapsulation efficiency and
zeta potential.

LNP Size Encapsulation efficiency [%] Zeta
(polydispersity potential
index) (pPH 7)
Unloaded 35 nm B B
DSPC-LNP (0.15-0.17)
Unloaded
38 nm
DOPC- - -
LNP (0.19-0.25)
Unloaded
38 nm
DOPE- - -
LNP (0.16-0.25)
DSPC- 55 nm —-2.13 +
0,
mRNA (0.17-0.25) <90% 0.3mv
DOPC- 51 nm —2.63 +
0,
mRNA (0.16-0.21) <90% 0.5mv
~31 % (per bench-top mixing
DOPE- 42 nm to allow head-to-head —10+5.0
mRNA (0.19-0.27) comparison with RNP-loaded mV
LNP)
279 nm -1.8+1.0
DOPE-RNP ~18 %
OPER (0.40-0.75) 8% mv
LNP-H 46 nm (0.10) <90 % 2201
mV

4.4. Luciferase reporter assay

NHBE transfection was semi-quantified using the luciferase assay
(Promega, Madison, Wisconsin, United States). 1 pg/mL luciferase
mRNA was loaded onto LNPs, being composed of DOPC, DSPC and
DOPE as helper lipids. Subsequently, cell culture media spiked with 1
pg/mL ApoE4 were added to a final volume of 1 mL, followed by 10 min
of incubation at room temperature. The uptake efficiency was then
tested in the presence or absence of ApoE. After 24 h of treatment, the
cells were processed according to the manufacturer’s instructions
(Promega, Madison, Wisconsin, United States). Relative luminescence
activity was quantified using a Biotek Synergy 2 Plate Reader.

4.5. Transfection efficacy

Functional mRNA expression of GFP-mRNA loaded LNPs was visu-
alized by EVOS M5000 Imaging System (Thermo Fisher Scientific,
Burlington, ON, Canada). NHBE cells were seeded in 12-well plate at
100,000 cells/well overnight at 37 °C and 5 % CO» and then treated with
LNPs loaded with GFP-mRNA (1 pg/mL). After 24 h, the medium was
removed, and cells were washed with PBS. The nuclei were stained using
Hoechst 33342 Solution (Thermo Fisher Scientific CatNr. 62249, 1:2000
dilution) and functional GFP expression was imaged using an EVOS
M5000 Imaging System (Thermo Fisher Scientific, Burlington, ON,
Canada).

4.6. Intracellular trafficking

To investigate the intracellular localization of LNP within endo-
somes, NHBEs were treated with either empty Dil-labeled LNPs, or LNPs
loaded with mRNA or RNP over 12 h. Subsequently, the cells were fixed
using a 4 % formaldehyde solution, followed by PBS washes and per-
meabilization with 0.5 % Triton-X-100 (VWR, CatNr. 97063-864).
Blocking was accomplished using normal goat serum (ThermoFisher
Scientific, CatNr. PCN5000), diluted 1:20 in PBS, for 30 min at room
temperature. Primary antibodies targeting EEAl (Invitrogen, CatNr.
14-9114-82, dilution 1:1000), RAB11A (Invitrogen, CatNr. 71-5300,
dilution 1:350), and LAMP1 (Abcam, CatNr. ab25630, dilution 1:1000)
were applied to the cells overnight at 4 °C. Following incubation, NHBEs
were washed and exposed to corresponding Alexa Fluor 488-conjugated
secondary antibodies (Abcam CatNr. ab150113 and ab150077, dilution
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1:400). After air-drying, NHBEs were mounted using Fluoroshield with
DAPI overnight at 4 °C.

4.7. MTT cell viability assay

Cell viability was measured using a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) assay. Here, 1 x 10* cells NHBE
were seeded in 96-well culture plates, respectively, and cultivated until
~70 % confluency. Subsequently, the cells were treated with the
different LNP formulations at 37 °C for 48 h. Afterwards, 10 pL of a 5
mg/mL MTT solution was added to each well, and the plates were
incubated for 4 h. The MTT formazan crystals were then dissolved in 50
pL of dimethyl sulfoxide (DMSO). Finally, the absorbance was measured
in a microplate reader (BioTekuQuant, Winooski, VT, USA).

4.8. Bulk RNA-Seq

NHBEs were seeded in a 6-well plate at 300,000 cells/well overnight
at 37 °C and 5 % CO; and subsequently treated with DOPE-LNP loaded
with Cas9 mRNA/sgRNA or RNP (1:1 ratio). Untreated NHBE served as
control. After 4 h, the total RNA was isolated using the Invitrogen
PureLink™ RNA Mini Kit (ThermoFisher, Burnaby, BC, Canada) ac-
cording to the manufacturer’s protocol.

Sample quality control was performed using the Agilent 2100 Bio-
analyzer or the Agilent 4200 TapeStation. Qualifying samples were then
prepped following the standard protocol for the Illumina Stranded
mRNA prep (Illumina). Sequencing was performed on the Illumina
NextSeq2000 with Paired End 59 bp x 59 bp reads. Sequencing data was
demultiplexed using Illumina’s BCL Convert. De-multiplexed reads were
aligned to H. sapiens version GRCh38, p7 with GENCODE annotation v.
25 using the STAR aligner v. 2.7.11a [76]. Read counts were extracted
using featureCounts [77] implemented in package subread v. 2.0.3.
Differential expression analysis was performed using the R package
DESeq2, v. 1.38.0. Gene set enrichment was performed with the CERNO
algorithm implemented in the R package tmod [78], v. 0.51.3. The RNA-
Seq data have been deposited in GEO, accession GSE287215 (for review,
go to https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE2
87215 and enter token cvuhkmeiltqzvwz).

4.9. Quantification of genome editing using PrimeTime qPCR

To determine gene editing rates, 1 x 10° NHBE cells were plated in
12-well plates and incubated overnight at 37 °C with 5 % CO,. Subse-
quently, the cells were transfected with LNPs encapsulating HPRT
sgRNA and Cas9, delivered either as mRNA or RNP, following a previ-
ously described LNP preparation and loading protocol [27]. After 48 h,
genomic DNA was extracted using the Qiagen DNeasy Blood&Tissue Kit
(Toronto, ON, Canada) following the manufacturer’s instructions. The
genomic DNA was then amplified by PCR using 10 pM HPRT primers, 5
uM of reference and drop-off probes, PrimeTime master mix, and water
to a final reaction volume of 20 pL. The drop-off probe was specifically
designed to bind the wild-type template and target the predicted cut
sites. The PCR program included an initial denaturation step at 95 °C for
3 min, followed by 40 cycles of 95 °C for 15 s, and annealing/extension
at 60 °C for 1 min. The gene editing efficiency (indel %) of the formu-
lations was determined by calculating the AACT values of drop-off and
reference probes and normalizing them to the wild-type cells.

4.10. Generation and treatment of 3D bronchial epithelial models

3D bronchial epithelial tissue models were generated according to
previously published procedures [50]. Briefly, 6.43 x 10* normal
human lung fibroblasts were embedded in a matrix consisting of fetal
bovine serum and bovine collagen I (PureCol, Advanced BioMatrix, San
Diego, USA) at a neutral pH. After solidification, primary human NHBEs
from non-CF donors and CF patients harboring the AF508 CFTR
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mutation (0.9 x 10° per model) were seeded on top. After 24 h, the
models were lifted to the air-liquid interface and further cultivated until
day 21 with media changes every other day. Starting on day 14, the
models were washed with PBS every second day to remove the mucus.
For histological and Alcian blue staining, the bronchial epithelial models
were snap frozen using liquid nitrogen, cryosectioned and subsequently
stained with hematoxylin and eosin or Alcian blue (Sigma-Aldrich,
Oakville, Ontario, Canada) according to standard procedures. To visu-
alize the cilia beating of the bronchial epithelial models, the models
were stained overnight with CellMask™ Plasma Membrane Stain
(C10046, ThermoFisher, Burnaby, BC, Canada). Subsequently, the live
movement of beating cilia was recorded at 30 frames per second using
the PerkinElmer VoX Spinning Disk fluorescence microscope (Perki-
nElmer, Woodbridge, ON, Canada) equipped with 100x objective, a
high-speed Hamamatsu 9100-02 CCD camera and a thermoplate heated
to 37 °C.

To determine the in situ gene editing rates in the tissue models, 15 pL
LNPs loaded with Cas9 mRNA/sgRNA were topically applied at day 21
of tissue culture. After 48 h, the genomic DNA was isolated and editing
rates were determined as detailed above. To visualize functional mRNA
expression, 15 pL of each LNP formulation was applied topically to the
models followed by a 24 h incubation at 37 °C with 5 % CO2. Subse-
quently, the models were maintained in an upright position and func-
tional GFP expression was visualized using the inverted EVOS M5000
Imaging System (Thermo Fisher Scientific, Burlington, ON, Canada). To
determine which cells were transfected within the 3D bronchial
epithelial models, flow cytometry analysis was performed. 48 h after
topical application of GFP mRNA-loaded LNP H, the models were
dissociated according to established protocols and subjected to flow
cytometry. In brief, TrypLE was added to the cells and incubated for 10
min at 37 °C with 5 % CO: followed by gently pipetting the cells up and
down. The cells were then transferred into an Eppendorf tube and the
mixture was incubated at 37 °C with agitation for 15 min. Subsequently,
the cells were further dissociated using a 22-gauge syringe. Stop media
(DMEM + FBS) was then added to neutralize the TrypLE. The cell sus-
pension was passed through a 100 pm cell strainer and washed with PBS.
Finally, the suspension was centrifuged at 300 xg for 5 min, and the
supernatant was carefully aspirated. The cells were sorted for GFP
expression and TP63 as a stem cell marker (Novus Biologics, NBP3-
08736AF594) using a Cytek Aurora™ CS System (Cytek Biosciences).

To evaluate the effects of dornase alpha as a pre-treatment to CF 3D
models, models were grown as described above. After 21 days all models
were washed with PBS as done in all prior experiments. 24 h later (day
22), models were either treated with dornase alpha (15 pL for a total of
15 U) or left untreated. 4 h later, the models were treated with 15 pL of
LNP H. After 48 h, the genomic DNA was isolated and editing rates were
determined as detailed above. DNase I dose dependent gene editing
responses were compared using commercially available DNAse I
lyophilized powder (Luna Nanotech, Markham, Ont. Canada, #GDN-
550) and resuspended at 120 U, 60 U, 30 U and 15 U total doses in 15 pL
dilutions in PBS, made fresh prior to treatment. All concentrations were
treated on 21-day old CF lung models for 4 h prior to LNP H transfection.
All other experimental parameters were conducted as previously
described.

4.11. Preparation of mucin hydrogels and Multiple Particle Tracking
(MPT)

Native mucin from bovine submaxillary glands (Sigma-Aldrich, St.
Louis, MO, USA) was dissolved in calcium- and magnesium-free DPBS,
gently mixed at room temperature for 1 h, then incubated overnight at
4 °C for full hydration. A 2 % (w/v) mucin concentration was used to
mimic healthy mucus. For DNase treatment, 200 pL of hydrogel was
incubated with 60 units of DNase I for 4 h at 37 °C; controls received
PBS. To assess LNP diffusivity, LNPs were added to the hydrogel (<0.2 %
final volume), mounted on slides with coverslips, and imaged using a
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PerkinElmer VoX spinning disk confocal microscope (63x glycerol-
immersion objective, Hamamatsu 9100-02 CCD camera) at 37 °C ac-
cording to [12]. Time-lapse videos (10 FPS, 30 s) tracked >10,000 LNPs
per condition. Particle tracking was done with NanoTrackJ in ImageJ
(v1.53k), using “Spot Assistant” for parameter optimization. Only par-
ticles with >10 steps per track were analyzed. Diffusion coefficients
were calculated via the plugin’s covariance-based method.

4.12. Short-circuit (I.) measurements in Ussing chambers

CF bronchial epithelial models underwent treatment with elex-
acaftor (3 pM, Selleck Chemicals, CatNr. 8851) and tezacaftor (2 pM,
Selleck Chemicals, CatNr. S7059) or DMSO (Sigma Aldrich, CatNr.
472301), as vehicle control for 24 h prior to Ussing chamber analysis.
Ivacaftor (2.5 pM, Selleck Chemicals, CatNr. S1144) was added acutely
during measurements in cultures pre-treated with ET. Isc was measured
in symmetric chloride conditions as previously described [79].

4.13. Base editing of CFTRR'192X in HEK cells and CF patient-derived
cells

HEK293 cells were cultured in high glucose Dulbecco’s Modified
Eagle’s Medium (DMEM) (VWR Cat. #VWRL0102-0500) supplemented
with 10 % Fetal Bovine Serum (FBS), 1 % 1-glutamine (Gibco™ Cat#
25030081) and 1 % Antibiotic-Antimycotic (100x) (Gibco™
Cat#15240062). CFTRR162X stable cell lines were generated using the
Flp—In™ system and the Flp—In™ HEK293 cell line (Invitrogen™)
according to manufacturer’s specifications. Flp—In™ 293 cells were
cultured in HEK293 media according to the manufacturer’s
specifications.

4.5 x 10° HEK293 cells were plated in 12 well plates pre-treated with
Poly-p-lysine (Gibco™ Cat#A3890401) and incubated overnight at
37 °C with 5 % CO,. Media used for seeding experimental plates was
deficient of antibiotics. Cells were transfected with 4 pg total RNA (at a
ratio of 1:1 sgRNA to mRNA) using Lipofectamine™ RNAimax (Thermo
Fisher Scientific Burlington, ON, Canada). After 48 h, genomic DNA was
extracted using the Qiagen DNeasy Blood&Tissue Kit (Toronto, ON,
Canada) following the manufacturer’s instructions. PCR was used to
amplify the target loci and samples were sent for Sanger sequencing
conducted by the Sequencing and Bioinformatics Consortium (SBC),
Vancouver, BC.

CRISPR/Cas9 base editor mRNA was made using in vitro transcrip-
tion (IVT) from custom cloned base editor vectors. Vector sequences
confirmed via Nanopore sequencing conducted by Plamsidsaurus©, San
Francisco, California, USA. ABE8e-spRY base editor sequence was
copied directly from [66]. ABE9p-spRY was taken from TadA9 variants
used in Yan et al. 2021 [67] and codon optimized for mammalian
expression. The base editors used in this study were cloned using golden
gate assembly to make the initial SpRY-ABE8e and the novel base editor
SpRY-ABE9p (TadA8e with V82S/Q154R mutations). Briefly, SpRY-
Cas9 was PCR-amplified from the SpRY-ABE8e (Addgene #185671)
with primers containing PaqCl restriction sites. SpRY-Cas9 was then
cloned into a cloning vector containing PaqCI sites and Esp3I sites.
TadA8e deaminase and variants were synthesized by TwistBioscience
and cloned into the vector containing SpRY-Cas9 using Esp3l. This
plasmid was then used as the template for PCR-amplification to install
BsmBI restriction sites on the base editor and cloned using golden gate
assembly into a mRNA expression vector containing a T7 promotor, the
Pfizer 5 and 3’ UTRs, and a poly-A-tail (vector kindly gifted by the UBC
RNACore). Highly modified sgRNA was ordered from IDT, Coralville,
Iowa, USA.

For CFTRR1162X primary cell experiments, CFTRX! 162X nasal epithe-
lial cells were obtained from the Charité Universitatsmedizin, Berlin
Germany (written consent obtained, ethics vote EA2/016/18). 1 x 10°
nasal epithelial cells were plated in 12-well plates and incubated over-
night at 37 °C with 5 % CO,. Subsequently, the cells were transfected
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with mRNA-loaded LNPs using the aforementioned protocol. After 48 h,
genomic DNA was extracted using the Qiagen DNeasy Blood&Tissue Kit
(Toronto, ON, Canada) following the manufacturer’s instructions. PCR
was used to amplify the target loci and samples were sent for Sanger
sequencing conducted by the Sequencing and Bioinformatics Con-
sortium (SBC), Vancouver, BC.

4.14. Statistical analysis

Statistical analysis was performed using Prism Graphed 9.6 software
(San Diego, CA, USA). Each experiment was performed at least in trip-
licate, and results are shown as mean =+ standard error (SE). The sta-
tistical significance was determined using one-way analysis of variance
(ANOVA) followed by Tukey or Fisher’s LSD multiple comparison test. p-
Values <0.05 were considered statistically significant. For base-editing
experiments, the statistical significance was assessed with a two-way
multiple comparison ANOVA.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.jconrel.2025.114053.
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