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Take home message

In vitro CFTR gene addition restores CFTR activity and mucociliary function in airway basal cells
across genotypes, including nonsense mutations. /n vivo, transplanted basal cells regenerate functional

airway epithelium in a rabbit sinus model.
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Abstract

Background: Cystic fibrosis (CF) is caused by mutations in the CFTR gene, leading to epithelial
dysfunction and progressive lung disease. Although CFTR modulators have transformed care, ~10% of
people with CF remain without effective therapy. Durable, mutation-agnostic approaches are urgently

needed.

Method: We used a lentiviral (LV) vector to deliver wild-type CFTR to airway basal cells derived from
13 paediatric CF participants with a range of genotypes. Transduced cells were assessed for transgene
expression, epithelial differentiation, and CFTR function using air-liquid interface (ALI) cultures.
Separately, to evaluate regenerative capacity in vivo, LVS™-transduced rabbit airway basal cells were
transplanted into the denuded nasal septum of healthy New Zealand white rabbits using a biocompatible

scaffold.

Results: Transduced basal cells retained multilineage differentiation capacity, forming well-organized,
pseudostratified epithelium with intact barrier function and ciliary activity. CFTR channel activity was
restored to levels comparable to or exceeding those achieved with elexacaftor/tezacaftor/ivacaftor
(ETI), including in individuals with nonsense mutations. Combined CFTR transduction plus ETI
treatment showed additive benefit. /n vivo, transplanted rabbit basal cells engrafted and differentiated
to regenerate a mucociliary epithelium, with improved nasal potential difference and mucociliary

clearance compared to scaffold-only controls.

Conclusion: Our study demonstrates that LV-mediated CFTR gene addition restores CFTR function in
vitro across genotypes and supports epithelial regeneration in a clinically relevant animal airway model.
This two-part platform offers a scalable path toward cell therapies for all people with CF and may have

broader applications in upper airway epithelial repair.
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78 Introduction

79  Cystic Fibrosis (CF) is caused by pathogenic variants of the CF transmembrane conductance regulator
80  (CFTR) gene. Among the more than 2,121 CFTR variants identified to date [1], many result in loss of
81 CFTR protein function and lead to multisystem disease. The CFTR protein functions as an epithelial
82  anion channel, regulating chloride (CI") transport at the apical surface of epithelial tissues [2]. Although
83  small molecule CFTR modulators, such as elexacaftor/tezacaftor/ivacaftor (ETI), are now available for
84  individuals carrying at least one responsive CFTR mutation, clinical benefit is variable, and
85  approximately 10% of people with CF (pwCF) remain without effective modulator options [3].
86  Moreover, modulator-based correction is transient and genotype-restricted. These limitations highlight
87  the ongoing need for durable, mutation-agnostic therapeutic strategies to restore CFTR function across

88 all genotypes (reviewed in [4]).

89  Gene therapy targeting airway basal cells represents a promising strategy for durable epithelial
90  correction. Basal cells serve as tissue-resident progenitors capable of regenerating the full spectrum of
91  specialised epithelial lineages, including ciliated, secretory and ionocyte cells [5, 6]. Lentiviral (LV)
92  vectors are well-suited for this task, since they accommodate the full-length CFTR cDNA transgene
93  and stably integrate into the host genome [7]. However, direct in vivo delivery to basal cells remains
94 challenging due to their subapical location beneath intact airway epithelium [8]. Conditioning strategies,
95  such as lysophosphatidylcholine (LPC) administration or mechanical epithelial disruption, have been
96  used to transiently expose basal cells and enhance transduction efficiency [9]. While long-term
97  transgene expression has been achieved in animal models (up to 18 months), overall in vivo transduction

98 efficiency remains suboptimal [10, 11].

99  Ex vivo gene correction followed by transplantation of airway basal cells offers an alternative strategy
100 to circumvent these in vivo delivery barriers [4]. Prior studies have demonstrated that CFTR-corrected
101  basal cells from the bronchi, sinuses, and trachea can differentiate into polarized epithelium with
102 improved ion transport in vitro [12-16] and retain CFTR activity when cultured on a bioscaffold ex vivo
103 [14]. While the ability of basal cells to engraft and regenerate mucociliary architecture in vivo has been

104 reported [17], restoration of function remains incompletely defined.

105  To date, most in vivo airway cell transplantation studies have been conducted in non-CF contexts and
106  human clinical trials remain limited to the lower airways, with evaluation often focused on gross
107  histology and spirometry [18-22]. A robust, multiparametric framework is needed to fully assess the
108  therapeutic potential of CFTR-corrected basal cell therapies. The upper airways, particularly the
109  paranasal sinuses, offer a clinically relevant site for early phase testing of airway regenerative

110 approaches. In CF, the sinuses serve as persistent bacterial reservoirs that can perpetuate lower airway

4
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111  infection, including post-lung transplantation where re-colonization from the upper airway remains a
112 major clinical challenge [23]. Their epithelial composition closely resembles that of the lower airways,

113 and their surgical accessibility makes them ideal for localized delivery and engraftment studies [24].

114 In this study (Figure 1), we aimed to assess whether LV-mediated CFTR correction of airway basal
115  cells could restore epithelial structure and function in vitro and whether corrected cells retain
116  engraftment potential in vivo. For in vitro analysis, we transduced airway basal cells from 13 paediatric
117  CF participants with an LV-CFTR vector (LV*"®) and assessed differentiation at air-liquid interface
118  (ALI). We evaluated epithelial morphology, barrier integrity, global proteomic profiling, ciliary
119  function and CFTR activity — including ETI responsiveness — relative to untransduced (naive) CF

120 epithelium and non-CF epithelium (Supplementary Table 1).

121 For in vivo testing, we selected the rabbit paranasal sinus as a prototypical airway regeneration model
122 due to its anatomical and histological similarity to the human sinus epithelium, featuring
123 pseudostratified columnar architecture, robust mucociliary clearance, and surgical accessibility [25].
124  We transplanted LV -transduced rabbit airway basal cells embedded in an FDA-approved bioscaffold
125  (Myriad Matrix) into the mechanically disrupted nasal septum of healthy rabbits. Engraftment,

126  epithelial regeneration, and mucociliary function were assessed four weeks post-transplantation.
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128  Figure 1. Schematic of study design. a) Airway mucosa were collected via nasal brushings from

129 paediatric CF participants (n=13) and non-CF controls (n=10). Basal cells were expanded in culture and
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130 transduced with a lentiviral vector (LV) carrying the wild-type CFTR transgene (LV<"™®). Morphology
131  was assessed post-transduction, and transduction efficiency was quantified by multiple methods (flow
132 cytometry, qPCR and automated single-cell patch clamp analysis). Naive (untransduced) and
133 transduced basal cells were differentiated at air-liquid interface (ALI) to form pseudostratified airway
134 epithelium. Structural and functional assessments including epithelial morphology, barrier integrity,
135  global proteomic profiling, ciliary beat frequency and CFTR channel function were performed. CFTR
136  modulator treatment (elexacaftor/tezacaftor/ivacaftor; ETI) was applied post-differentiation to naive-
137  and transduced- derived epithelium to assess potential additive effects on CFTR activity. b) Rabbit
138  airway basal cells were collected, expanded and either differentiated at ALI to validate airway
139 epithelium morphology and CFTR function in vitro, or transduced with LV-eGFP reporter and
140  embedded in an FDA-approved bioscaffold for nasal septum transplantation (n=4 transplant; n=4
141  control). Engraftment was assessed after four weeks by GFP expression, with epithelial morphology
142 and mucociliary function evaluated by histology, ex vivo micro-optical coherence tomography (WOCT),

143 and nasal potential difference (NPD) performed prior to the animals being humanely killed.

144  Methods

145 Human ethics approval was granted by the Sydney Children’s Hospital Network
146  (HREC/16/SCHN/120); animal studies were approved by the University of Alabama at Birmingham
147  Institutional Animal Care and Use Committee (IACUC-22329).

148  Detailed materials and methods are provided in the Supplementary Material. Briefly, primary airway
149  epithelial cells were collected from CF (n=13; W1282X/W1282X, G542X/F508del, Q493X/F508del,
150  F508del/F508del) and non-CF (n=10) participants (Supplementary Table 2), and expanded as basal
151  cell monolayers using the conditionally reprogrammed cell method [26]. Basal cells were transduced
152 with a lentiviral vector (LV) carrying wild-type CFTR. CFTR transduction efficiency was assessed via
153  flow cytometry, qPCR, and automated single-cell patch clamp. Naive and transduced basal cells were
154  differentiated at air-liquid interface (ALI) until maturity [26], and evaluated for epithelial composition,
155  barrier integrity, ciliary beat frequency, global proteomics, and CFTR function [27]. ETI was tested

156  both alone and in combination with transduced-derived epithelium.

157  Rabbit nasal epithelial cells were similarly isolated, expanded, and differentiated at ALI, with
158  immunofluorescence confirming normal epithelial composition and Ussing chamber electrophysiology
159  verifying CFTR activity. Bioscaffolds — either cell-free (n=4) or seeded with LVS™-transduced rabbit
160  basal cells (n=4) — were transplanted onto the mechanically denuded nasal septum of New Zealand
161  white rabbits. Grafts were assessed after four weeks by histology, immunofluorescence, micro-optical

162  coherence tomography (LOCT), and nasal potential difference (NPD) measurements [28].
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163  Results

164  Morphology of airway basal cells is preserved post LVCFTR transduction

165  Primary basal cell monolayers were established from paediatric CF human nasal epithelial cells
166  (hNECs) carrying WI282X/W1282X, G542X/F508del, or F508del/F508del genotypes
167  (Supplementary Table 1). Monolayers were transduced with a lentiviral (LV) vector encoding V5-
168  tagged wild-type CFTR (LV"™). V5 expression was detected exclusively in CFTR-transduced (Td“"™®)
169  basal cells, which retained a stable morphology (e.g., cell size and shape) compared to untransduced

170  (naive) controls (Supplementary Figure 1a-b).

171 At a multiplicity of infection (MOI) of 10, CFTR transduction efficiency showed inter-participant
172 variability but was quantifiable by multiple orthogonal methods: flow cytometry (14.0 + 4.3 %), gPCR
173 (635.6 + 358.3 24 and automated patch clamping (14.3 + 5.2%, -192.5 + 15.4 pA/pF)
174  (Supplementary Figure lc-g, 2, 3a-b). Importantly, endogenous F508del CFTR mRNA levels
175  remained unchanged post-transduction (Supplementary Figure 1h), indicating that LV*"® does not
176  alter mutant gene expression. Repeating the transduction procedure did not enhance efficiency

177  (Supplementary Figure 1i).

178  To explore whether higher doses might improve efficiency, a follow-up experiment in a CF subset (n=6)
179  demonstrated that increasing the MOI to 20 significantly improved transduction efficiency by 1.6-fold
180 (143 + 2.1% vs. 9.1 + 2.8; p<0.01; Supplementary Figure 4a-b). V5-positive Td“""® basal cell
181  frequency showed a moderate correlation with CFTR transgene mRNA expression levels (p = 0.67;
182  Supplementary Figure 5a), and a strong positive correlation with the number of cells expressing CFTR
183  current (p = 0.96, p < 0.01; Supplementary Figure 5b). In contrast, CFTR activity correlated only
184  weakly with transgene mRNA levels (p = 0.43; Supplementary Figure 5c¢), underscoring the

185  importance of functional protein expression over transcript abundance.

186  Transduced“¥™R basal cells retain their capacity for multilineage epithelial differentiation

187 To assess whether LV*"® transduction impacts epithelial differentiation, we compared naive-derived
188  and Td““"®-derived epithelium following air-liquid interface (ALI) culture of primary CF airway basal
189  cells. Td“™®-derived epithelium successfully differentiated into a well-organised, pseudostratified
190  epithelium with apical-basal polarity resembling that of naive-derived mucociliary epithelium (Figure

191  2a-c, Supplementary Figure 6).

192  Immunofluorescence revealed appropriate spatial localisation of key cell-type markers: ciliated
193 (acetylated tubulin) and goblet (MUCS5AC) cell markers were confined to the apical surface, while basal
194 cell marker (p63) localised to the basal membrane. V5-tagged CFTR was detectable across all epithelial

7
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195  layers, but was not expressed uniformly across all cells, indicating heterogenous transduction of the
196  original basal cells. Co-localisation with ciliated, secretory, and basal markers confirmed that CFTR
197  expression persisted throughout differentiated cell types (Figure 2a-c). Global proteomics profiling
198  further supported this, showing no significant difference in epithelial cell-type marker expression

199  between Td““"®- and naive-derived epithelium (Figure 2d).

200  Tight junction protein expression (OCLN, ZO-1, ZO-2, Z0O-3) was maintained across both groups
201 (Figure 3a), and phalloidin staining confirmed apical actin distribution consistent with a well-polarised
202  epithelial barrier (Figure 3b). Functional epithelial integrity was supported by comparable
203  transepithelial electrical resistance (TEER) values (naive: 509.3 + 84.0 Q.cm?, Td“"™®: 5492 + 71.9
204  Q.cm?; Figure 3c). Cilia beat frequency (CBF) remained within physiological range and showed no
205  significant difference between naive and Td““™-derived epithelium (8.74 + 0.48 vs. 9.16 + 0.39; Figure
206  3d). Notably, the proportion of V5-positive basal cells moderately correlated with CBF in the resultant
207  epithelium (p = 0.70, p < 0.05; Supplementary Figure 5d), suggesting that CFTR expression may

208 enhance motile cilia function.
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Figure 2. Epithelial morphology and cellular composition of transduced basal cells differentiated
at air-liquid interface. a-¢) Immunofluorescence staining of air-liquid interface cultures showing V5-
tagged CFTR (grey) co-localised with a) ciliated cells (acetylated tubulin, AcTub, green), b) secretory
goblet cells (MUCSAC, green) and ¢) basal cells (p63, green). Bottom left panels show z-stacks.
Remaining panels show top-down view. Images captured using a 63%/1.4 oil immersion objective. Scale
bars =20 pm. Additional images are provided in Supplementary Figure 6. d) Expression levels of major
airway epithelial cell types in naive (n=10) and transduced (Td“""®)-derived (n=10) CF epithelium,
measured by average log, label-free quantification (LFQ) of mass spectrometry data. Boxplots show
the median, first and third quartiles, with whiskers representing the largest and smallest values no
greater than 1.5% interquartile range from the box. Statistical significance was determined by Wilcoxon

rank sum test.
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222 Figure 3. Epithelial barrier integrity and ciliary function in transduced-derived epithelium. a)
223 Expression of tight junction proteins (OCLN, ZO-1, ZO-2 and ZO-3) in naive (n=10) and transduced-
224 derived (n=10) CF epithelium, measured by average log, label-free quantification (LFQ) of mass
225  spectrometry data. Boxplots show the median, first and third quartiles, with whiskers representing the
226  largest and smallest values no greater than 1.5x interquartile range from the box. Statistical significance
227  was determined by Wilcoxon rank sum test. b) Immunofluorescence staining of actin (phalloidin, red)
228  localised to intercellular junctions in epithelial cells expressing V5-tagged CFTR (grey). Images
229  captured with a 63x/1.4 oil immersion objective. Scale bars =20 um. ¢) Dot plot of mean transepithelial
230  electrical resistance (TEER; Q.cm?) and d) cilia beat frequency (Hz) in naive and transduced-derived
231  epithelium of CF participants (n=10). Data are presented as mean + SEM, with each dot representing
232 the average of n=3 replicate ALI cultures per participant. PID=Participant ID. hNEC=human nasal

233 epithelial cell. Statistical significance was determined using paired t tests.

234  Transduced“¥T™R-derived epithelium maintains cellular identity and secretory landscape

235  To evaluate whether LV“"® transduction alters epithelial proteomic profiles, we performed global

236  proteomic analysis of the two groups. Only a small fraction of proteins was differentially abundant in

10
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237  Td“™®-derived epithelium compared to naive-derived epithelium. Specifically, 1.8% of intracellular
238  (cell lysate) and 3.8% of secreted (apical secretome) proteins (Figure 4a). Most changes were modest
239  and primarily enriched for metabolic pathways, including inositol phosphate metabolism, which has
240  been previously associated with LV transduction [29] (Figure 4b, Supplementary Table 3).
241  Importantly, similar minimal proteomic shifts were observed in LV¢“*"-derived epithelium, reinforcing
242  that changes were vector-related rather than transgene-specific (Supplementary Figure 7a-b,

243 Supplementary Table 3).
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245  Figure 4. Global proteomic profiling of transduced-derived airway epithelium. a) Volcano plots
246  showing differentially abundant proteins in the cell lysate (top, n=10) and apical secretome (bottom,
247  n=3) of transduced (Td“"'®)-derived epithelium compared to naive-derived epithelium. Each dot
248  represents an individual protein. Upregulated proteins are shown in blue, downregulated in red, and
249  non-significant proteins in grey. Total numbers of differentially abundant proteins are annotated in
250  colour. Dotted lines indicate statistical thresholds (p-value < 0.05; fold change > |1.2|). Statistical
251  analysis was performed using the DEP R Package (see methods). b) Top canonical pathways enriched
252  among differentially abundant proteins in cell lysate, identified via Ingenuity Pathway Analysis (IPA).
253 Bar colour reflects -logio adjusted p-value. See Supplementary Table 3 for full pathway lists.
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254  CFTR channel activity is restored in Transduced“¥TR-derived epithelium and further
255 enhanced by ETI treatment

256  To evaluate functional CFTR restoration, Ussing chamber assays were performed on differentiated
257  hNECS from 13 paediatric CF participants spanning a range of CFTR genotypes: seven with Class II
258  (F508del/F508del: PID 7-13) and six with at least one Class I mutation (W1282X/W1282X,
259  G542X/F508del, Q493X/F508del; PID 1-6).

260  Naive-derived epithelium from all CF participants showed negligible CFTR activity (<3.00 pA/cm?;
261  Figure 5a). In contrast, Td““"*-derived epithelium exhibited significantly increased CFTR activity (-
262 2.9 to-50.8 uA/cm?, p<0.05; Figure 5a), which correlated strongly with transduction efficiency (p = -
263 0.92, p <0.0001; Figure 5b) and the number of cells expressing CFTR current (p =-0.79, p < 0.05;
264  Supplementary Figure 8a), and moderately with CFTR transgene expression (p = -0.57, p = ns;
265  Supplementary Figure 8b). CFTR activity levels varied between individuals with higher transduction

266  associated with greater functional improvement.

267  In asubset (n=6), increasing the MOI from 10 to 20 significantly enhanced CFTR activity by 1.6-fold,
268  without affecting TEER or CBF (Supplementary Figure 4c-e). This increase remained strongly
269  correlated with transduction efficiency (p =-0.83, p <0.01; Supplementary Figure 4f). CFTR activity
270  was transgene-specific: LV¢“*P-derived epithelium exhibited negligible CFTR activity, comparable to
271  naive-derived epithelium and significantly lower than Td““’®*-derived epithelium (p<0.001;
272  Supplementary Figure 9, Supplementary Table 4). Comparable trends were observed in Td“"7%-
273  derived bronchial epithelium, though direct nasal-to-bronchial comparisons were limited by variable

274  transduction efficiencies (n=3; Supplementary Figure 10a-c).

275  To benchmark against clinical therapy, we treated naive-derived epithelium with ETI. As expected, the
276  WI1282X/W1282X participant (PID 1) showed no response. In contrast, G542X/F508del and
277  Q493X/F508del participants exhibited significant increases in CFTR activity (A: -9.8 pA/cm?,
278  p<0.0001; Supplementary Figure 11 inset). F508del/F508del participants also responded significantly
279  to ETI(A: -20.9 pA/cm?, p<0.01; Supplementary Figure 11).

280  Direct comparisons showed that Td““"*-derived epithelium restored CFTR activity to levels similar to
281  or exceeding those achieved by ETI-treated naive-derived epithelium (Figure Sc¢). In Td““"®-derived
282  epithelium from class I mutation carriers G542X/F508del and Q493X/F508del, CFTR activity levels
283  were similar to those achieved by ETI in naive-derived epithelium (Figure 5¢). In case of PIDI1, an
284  individual homozygous for the W1282X nonsense mutation, a known non-responder to ETI, CFTR
285  activity in naive-derived epithelium remained negligible even after ETI treatment (naive-ETI: 0.73 +
286  0.17 pA/cm?; Figure 5c inset). However, Td““"®-derived epithelium from this individual showed a

287  CFTR activity increase (A: -6.3 pA/cm?), despite a transduction efficiency of only 2.1%
12
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(Supplementary Figure 12). In the epithelium derived from F508del/F508del participants, responses
varied: some achieved significantly higher CFTR activity with Td““"® others with ETI
(Supplementary Figure 12).

To determine potential synergy, we applied ETI to Td““"®-derived epithelium. No additive effect was
observed in the W1282X/W1282X epithelium (Td“™®: -5.6 + 2.4 pA/em?, Td™*+ETI: -5.3 + 1.6
nA/cm?; Figure 5c inset). However, a significant increase was observed in ETI-treated Td“""*-derived
epithelium from G542X/F508del and Q493X/F508del lines (A: -14.8 pA/cm?, p<0.001) and
F508del/F508del epithelium (A: -17.5 pA/cm?, p<0.05), reaching mean CFTR activity levels of -26.1
+2.9 and -39.1 + 3.8 pA/cm?, respectively (Figure 5S¢, Supplementary Table 5).

To contextualise these gains, we analysed a cohort of non-CF participants (n=10) under matched
conditions. CFTR activity in non-CF epithelium was not significantly altered by LV<*"® transduction,
ETI treatment, or their combination (naive: -28.2 = 2.0 pA/cm?, naive+ETI: -33.8 + 2.8 uA/cm?,
transduced: -31.4 + 1.5 pA/em?, Td““™*+ETI: -34.78 + 2.82 pA/cm?; Supplementary Figure 13a-c).
When statistical comparisons were performed with a broader non-CF cohort (n=21), only the combined

Td“"™*+ETI fully restored CFTR activity into the non-CF range (Figure 5d).
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Figure 5. Restoration of CFTR channel activity in Td““"®-derived epithelium, with and without
ETI treatment. a) CFTR-mediated chloride currents (CFTR-Inh;7,) in naive versus Td“"®-derived
13
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306  epithelium from 13 CF participants spanning Class I and Class II CFTR genotypes. b) Spearman’s
307  correlation between V5-positive basal cell frequency (CFTR transgene) and CFTR-Inh;7, current
308  (uA/cm?). ¢) Comparison of CFTR activity across three conditions: naive-derived plus ETI-treated
309  (naive+ETI), Td“"™® and Td“""®-derived plus ETI-treated (Td“""*+ETTI) epithelium. Inset: Individual
310  replicate values are shown for each donor with Class 1 genotypes (WI1282X/W1282X, n=I;
311  G542X/F508del, n=3; Q493X/F508del, n=2), with n=2-4 replicate ALI cultures per participant. d)
312  Summary of all treatment conditions in CF epithelium (n=10) compared to CFTR activity in non-CF
313  epithelium from this study (n=10; black) and our prior cohort (n=11; purple). Each point represents the
314  mean from three replicate ALI cultures (unless otherwise noted). Error bars = SEM. Statistics: paired t
315  test (a), Spearman’s correlation (b), One-way ANOVA with the Geisser-Greenhouse correction and
316  Tukey’s multiple comparison test (c) or Brown-Forsythe or Welch ANOVA tests with Dunnet’s T3
317  multiple comparison test (inset, d). *p<0.05, ***p<0.001, ****p<0.0001. PID=Participant ID.

318 ETlI=elexacaftor/tezacaftor/ivacaftor.

319  Transplanted Rabbit Basal Cells Reconstruct Airway Epithelium and Restore Functional

320  Mucociliary Clearance

321  To establish a preclinical model of airway epithelial regeneration, epithelial cells were isolated from
322 the nasal septum of New Zealand white rabbits and expanded (in BEpiCM or Pnemacult Ex medium,;
323  Figure 6a). The expanded cultures formed uniform monolayers expressing the basal cell marker, p63
324  (Figure 6b). Upon air-liquid interface differentiation (in vitro), rabbit basal cells gave rise to functional
325  mucociliary epithelium containing MUCS5AC-positive goblet cells and acetylated tubulin-positive
326  ciliated cells with visible beating cilia (Figure 6¢). CFTR-mediated ion transport was confirmed by
327  electrophysiological measurement, validating their functional capacity (Figure 6¢). Basal cell
328  monolayers transduced with LVS? exhibited robust GFP expression (Figure 6d) and were subsequently

329  collected for transplantation into the nasal septa of a separate cohort of rabbits.

330  To assess engraftment in vivo, the nasal septum epithelium of healthy rabbits (Figure 7a) was
331  completely removed by mechanical disruption, creating a receptive surface for transplantation. A cell-
332 free tissue bioscaffold (scaffold group) or a bioscaffold seeded with LVSP-transduced rabbit airway
333 basal cells (scaffold + cell group; 5.3x10%cm?; n= 4 per group) was then applied directly to the denuded
334  area. This seeding density matched that used in vitro for ALI cultures, enabling a relevant comparison

335  of epithelial regeneration between models.

336  Four weeks after transplantation, the regenerated tissue in the scaffold + cell group resembled native
337  healthy sinus epithelium, whereas the scaffold-only group displayed epithelial thinning, structural

338  disarray, and fibrotic scarring between the nasal septum and turbinate (Figure 7b; Supplementary

14
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339  Video 1-2). Comprehensive histological and functional analyses confirmed that rabbit airway basal
340  cells successfully engrafted and contributed to epithelial regeneration in vivo. Hematoxylin and eosin
341  (H&E) staining revealed that recipients in the scaffold + cell group developed a thicker, pseudostratified
342 epithelium with a greater proportion of differentiated cells compared to the scaffold-only group (Figure
343 7c). Engraftment of donor cells was confirmed by detection of GFP-positive cells in the scaffold + cell
344  group, indicating persistence and integration of LVC-transduced basal cells at the transplantation site

345  (Figure 7d).

346  To evaluate epithelial functional following transplantation, we measured in vivo nasal potential
347  difference (NPD) and performed micro-optical coherence tomography (LOCT). In the scaffold + cell
348  group, NPD responses to CFTR agonists were significantly higher than in the scaffold-only group (-
349 12.6+0.12mV vs. 4.2+0.6 mV; p<0.001; Figure 8a), though both remained below values observed
350  in healthy, uninjured controls (—33.4+2.9 mV; p <0.001). Importantly, because this model involves a
351  healthy, non-CF background and no CFTR transgene delivery, these differences reflect variations in
352 epithelial regeneration, not CFTR rescue. The lower NPD observed in the scaffold-only group likely
353  results from disorganized repair, with fibrotic healing and reduced epithelial integrity, as seen
354  histologically. In contrast, scaffold + cell grafts supported reconstitution of a more epithelial-like,
355  pseudostratified architecture with greater numbers of differentiated cells, including CFTR-expressing

356  ciliated and secretory lincages.

357  uOCT imaging further supported these findings. The scaffold + cell group exhibited significantly
358  improved mucociliary parameters, including increased periciliary liquid depth (PCL: 7.36 +0.02 pm
359  vs. 6.82+0.12 um; p<0.01; Figure 8b) and faster mucociliary transport (MCT: 0.72 +0.12 mm/min
360  vs. 0.29+0.04 mm/min; p=0.05; Figure 8¢). Airway surface liquid depth also trended higher (ASL:
361  40.4+6.5umvs. 21.2+2.4 um; p=0.0503; Figure 8d). These outcomes are consistent with improved
362  epithelial regeneration and functional recovery of mucociliary clearance driven by the transplanted

363  basal cells.

364  Collectively, these results suggest that transplanted basal cells contribute to restoration of native
365  epithelial function after injury, likely by accelerating re-epithelialization and maintaining cell types

366  essential for airway physiology, including CFTR-expressing cells.

15
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Figure 6. Expansion, differentiation, and LV®™ transduction of rabbit basal cells for
transplantation. a) Experimental protocol. b) Expansion phase: Immunofluorescence staining of basal
cell marker p63 (green) at confluency. ¢) Differentiation phase: Top, (left) ciliated cells (AcTub), (right)
goblet cells (MUCSAC), and bottom, CFTR-mediated short-circuit current. d) GFP expression
following LVYF? transduction. Scale bars: 50 um (b), 100 um (c-d).
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374  Figure 7. Histological assessment of epithelial regeneration in rabbit nasal septum following basal
375  cell transplantation. a) Hematoxylin and eosin (H&E) staining. Diagram indicating the nasal septum
376  region sampled (left). Representative section of the septum tissue from a healthy control rabbit (right).
377  b) Representative images of the rabbit nasal septum four weeks after placement of the scaffold (left) or
378  scaffold + cell (right). *Indicates scarring between the septum (S) and inferior turbinate (IT) complex,
379  and the dotted circle marks the site of graft placement. ¢) Representative H&E-stained sections from
380  rabbits receiving the scaffold (left) or scaffold + cell (right, n=4 per group). d) Immunofluorescence
381 detection of GFP signal in rabbits receiving the scaffold (left) or scaffold + cell (right). Scale bars:
382 50 um.
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384  Figure 8. Functional restoration of rabbit airway physiology four weeks post basal cell
385  transplantation. a) CFTR-dependent chloride secretion assessed by change in nasal potential
386  difference (ANPD) in response to the CFTR agonist forskolin. Measurements were taken in healthy
387  rabbits prior to mechanical disruption of the nasal septum epithelium (healthy control), and four weeks
388  after transplantation with either scaffold-only or scaffold+cell treatment. b) Periciliary liquid layer
389  (PCL) depth, ¢) mucociliary transport (MCT) velocity and d) airway surface liquid (ASL) depth, all
390  measured by micro-optical coherence tomography (WOCT). Data are shown as mean + SEM (n=3 per

391  group). Statistical comparisons were performed using unpaired t-tests. *p<0.05, **p<0.01.
392  Discussion

393  We demonstrate that LV CFTR gene addition restores CFTR function in differentiated human airway
394  basal cells in vitro. Corrected cells formed well-structured pseudostratified epithelium with improved
395  CFTR activity across multiple CF genotypes. In parallel, we used LV™P-labelled, non-CF, donor-

396  derived rabbit basal cells to assess epithelial engraftment and mucociliary regeneration in vivo. As no
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397  CFTR transgene was delivered, these in vivo findings reflect epithelial repair capacity following injury,
398  rather than CFTR correction or disease modelling. Together, our results establish a two-part platform:
399  functional CFTR restoration in human cells in vitro, and airway regeneration from basal cells in a

400 relevant in vivo model.

401  Building on foundational work in sinonasal [14], tracheal [13], and bronchial [12-14, 16] epithelial
402  models, we show that LV mediated CFTR delivery does not compromise epithelial differentiation,
403  structural integrity, or cellular composition. Transduced cells differentiated into well-organized
404  pseudostratified epithelium with preserved tight junctions, normal ciliary function, and global proteome
405  stability across both intracellular and secreted compartments, which underscores the minimal off-target
406  impact of CFTR transgene expression. Notably, CFTR activity in Td“*"®-derived epithelium matched
407  or exceeded that of ETI-treated naive cells, and additive effects were observed when both therapies

408  were combined—reaching non-CF levels in modulator-eligible participants.

409 The ability to restore CFTR activity even in participants with nonsense mutations, such as
410  WI1282X/W1282X, is especially significant. Approximately 10% of pwCF remain without effective
411  modulators [3]; gene addition offers a durable, mutation-agnostic approach to overcome this gap.
412  Moreover, the observed additive effect between gene addition and ETI in ETI-responsive participants
413  suggests these approaches are not mutually exclusive but may be synergistic—offering a path toward

414  fully normalized CFTR function, even in modulator-responsive patients.

415  Transduction efficiency varied widely (1.2-40.2%) but strongly correlated with CFTR activity (p = -
416  0.92), emphasizing the importance of achieving threshold-level gene delivery. Our observation that
417  even modest transduction levels conferred benefit, aligns with clinical data suggesting that restoring
418  CFTR function to as little as 10-25% of normal CFTR function can significantly ameliorate disease
419  severity [30]. Strategies to enhance LV uptake, such as G2-phase modulation [31], use of LentiBOOST
420  [32], orinhibition of autophagy/proteolysis [33, 34], warrant systematic evaluation in airway basal cells.
421  However, increasing the MOI must be carefully balanced to preserve cell viability and avoid
422 integration-related toxicity. This is especially important since increasing CFTR mRNA does not
423 necessarily yield improved CFTR-mediated Cl~ transport [35]. Defining the therapeutic window for

424 CFTR addition remains essential for clinical translation.

425  Unlike transient mRNA or AAV-based approaches, LV vectors stably integrate and support long-term
426  expression. Our use of the EFla promoter, previously shown to outperform PGK in driving CFTR
427  activity [12], enabled broad epithelial transgene expression, including in ciliated and secretory lineages.
428  This heterogeneity reflects basal cell plasticity and supports the capacity of transduced cells to
429  functionally regenerate the epithelium. While long-term persistence of CFTR activity under

430  inflammatory or stress conditions remains to be tested, our proteomic and functional data show no loss
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431  of epithelial identity or CFTR function up to the endpoints evaluated. Intriguingly, we observed a
432 correlation between CFTR restoration and elevated ciliary beat frequency, suggesting that gene
433 correction may also improve mucociliary clearance—particularly relevant in advanced lung disease,

434 where impaired mucus transport contributes to chronic infection and inflammation.

435  While gene editing offers the potential for precise correction, current approaches face challenges related
436  to editing efficiency, cell fitness, and delivery scalability [14-16]. Gene addition, in contrast, offers a
437  modular and mutation-agnostic platform with clinical scalability, well suited for both autologous and
438  allogeneic cell therapy strategies. In our study, CFTR restoration levels varied across donors despite
439  uniform vector design, suggesting that differences in cellular health, epigenetic landscape, or integration
440  site may influence transduction efficiency outcomes. Comparisons across studies are further
441  complicated by differences in vector design and promoter choice, which can significantly impact CFTR
442  expression and CI transport [35]. Moving forward, systematically dissecting the contribution of these
443  variables will be essential for standardizing gene addition strategies and ensuring consistent therapeutic

444  efficacy across diverse patient populations.

445  While the in vitro arm of our study directly demonstrated functional CFTR rescue, the in vivo model
446  served to assess the capacity of airway basal cells to regenerate epithelium and restore mucociliary
447  architecture in a non-diseased setting. A key translational advance is our demonstration of functional
448  engraftment in the rabbit sinus model. Several groups have made significant progress toward airway
449  cell therapies, including studies showing engraftment of airway basal cells in the trachea of mouse
450  models [17, 18, 36]. However, most previous efforts have focused on histological or basic functional
451  readouts, such as CBF or oxygen saturation, with limited comprehensive assessment of mucociliary

452 function in vivo.

453  The paranasal sinuses provide a clinically actionable site for cell therapy delivery due to their
454  anatomical similarity to the lower airway epithelium, surgical accessibility, and central role in
455  perpetuating infection, including in lung transplant recipients, where sinus-derived pathogens can
456  recolonize allografts [23]. Our model may also be valuable beyond CF, offering a platform to evaluate
457  regenerative therapies for other upper airway disorders, including chronic rhinosinusitis, which affects
458  over 10% of the global population and lacks durable treatments for epithelial dysfunction. Additionally,
459  sinus-directed repair strategies could benefit patients undergoing endoscopic sinus surgery, where
460  epithelial regeneration is critical for post-operative recovery and long-term symptom resolution. In our
461  study, transplanted rabbit basal cells regenerated a pseudostratified mucociliary epithelium with

462  functional evidence of engraftment demonstrated by NPD, PCL depth, and MCT velocity.
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463  While encouraging, these in vivo studies represent an early proof-of-concept. Long-term persistence,
464  immunogenicity, and scalability remain open challenges. This may be resolved by autologous cell
465  transplant or use of a universal donor. Prior work has shown that suppressing TGF-f signalling with
466  pirfenidone enhances engraftment in murine models [18]. Future strategies could also include transient
467  immunosuppression, co-transplantation with niche-stabilizing cells, or scaffold-based delivery systems
468 tailored for immune modulation. Here, we empirically selected a cell dose that recapitulated ALI culture
469  density; however, dose-ranging studies and Good Manufacturing Practice-compliant scale-up protocols

470  will be critical to enable clinical translation.

471  Our findings support a flexible therapeutic model: as a standalone treatment for individuals ineligible
472 for modulators, as an adjunct therapy to optimize outcomes for those on ETI, and as a targeted sinus-
473  directed intervention for lung transplant recipients no longer eligible for modulator therapy but
474  vulnerable to upper airway-driven reinfection. This modularity positions CFTR gene and cell therapy

475  as a versatile addition to the treatment landscape.
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