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Cystic fibrosis (CF) is the most prevalent inherited disease. Inactivating mutations in the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) gene lead to the accumulation of viscous mucus and subsequent respiratory complications. This study optimized a prime editing (PE) approach to correct CFTR mutations focusing on the F508del mutation. Prime editing allowed to introduce missing bases without double-strand breaks using a Cas9-nickase fused with a reverse transcriptase in combination with a prime editing guide RNA (pegRNA). Various self-designed pegRNAs were compared. For delivery, various lipid nanoparticles (LNP) were tested, which were optimized for stability and lung cells targeting based on lipid selection or chitosan complexion. A fluorescence reporter system, pPEAR_CFTR, was developed mimicking F508del for validation. The five pegRNAs yielding the highest efficiency were used for genomic CFTR correction in a CF bronchial cell line. Nanopore sequencing of genomic DNA revealed approximate 5% edited reads. These results highlight the promise of prime editing-LNP systems for precise and lung-specific gene correction, paving the way for novel therapies in cystic fibrosis and other pulmonary genetic disorders.
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1 INTRODUCTION
Cystic Fibrosis (CF) is a life-limiting, inherited, genetic disorder. The European Cystic Fibrosis Society Patient Registry indicates a median age at death of 33 years for individuals with CF in Europe, highlighting the severe and life-shortening nature of this disorder (Zolin et al., 2024). Recent data also show improvements in lung function and life expectancy, reflecting the impact of advances in care and treatment (Kerem et al., 2024). The cause of CF are mutations in the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) gene, which impair the function of the CFTR protein through various mechanisms such as misfolding, defective processing or reduced channel activity (De Boeck, 2020). The protein acts as an ion channel that regulates chloride ion movement across epithelial cell membranes in various tissues (Hwang and Kirk, 2013). This ion flow is essential for maintaining water homeostasis through osmotic gradients, ensuring adequate mucus hydration and consistency, which is crucial for the body’s natural defense mechanism of trapping and clearing pathogens and other inhaled particles via mucociliary clearance.
To date more than 2,000 mutations in the CFTR gene are known, with the F508del mutation NM_000492.3(CFTR):c.1521_1523del (p.Phe508del) being the most common, affecting about 70% of CF patients (De Boeck, 2020; Rodrigues et al., 2008). This mutation involves the deletion of three nucleotides (CTT), leading to the loss of a phenylalanine residue at amino acid position 508 (Amico et al., 2019). This deletion impairs the kinetic and thermodynamic folding of the Nucleotide Binding Domain (NBD) 1 domain of the protein (Figure 1), resulting in not only misfolds but also defects in trafficking and premature degradation, leading to a reduction in surface protein expression (Amico et al., 2019). Therefore, the mucus thickens abnormally, obstructing airways and digestive ducts, which results in various symptoms like chronic lung infections by impaired mucociliary clearance, inflammation, digestive impairment, and malnutrition (Haack, 2013).
[image: Illustration of lung epithelium and CFTR protein structure. Panel A shows a healthy lung epithelium with intact cilia. Panel B depicts a cystic fibrosis (CF) lung epithelium with disrupted cilia and bacteria. Panel C presents a molecular structure of the CFTR protein highlighting the F508 region. Panel D illustrates a schematic of the CFTR protein with transmembrane domains (TMD1, TMD2), nucleotide-binding domains (NBD1, NBD2), R domain, extracellular space, and cytoplasm.]FIGURE 1 | CF pathophysiology and CFTR structure. Schematic illustration of lung epithelial tissue and mucus of (A) a healthy person and of (B) a CF patient. (C) 3D structure and (D) schematic 2D domain structure of the CFTR protein according to (Liu et al., 2017) with the pore-forming transmembrane domains TMD1 and TMD2 (light blue), the nucleotide-binding domains NBD1 (purple) and NBD2 (pink), and the (regulatory) R domain (orange). The phenylalanine amino acid at position 508 (F508) is indicated in the 3D structure.Due to the so far incurable nature of the disease, treatment strategies typically aim to improve the symptoms through multiple approaches, including lifelong daily medications, physical therapy, and dietary adjustments (Bierlaagh et al., 2021). One of the most significant advances in CF treatment has been the development of CFTR modulators, which temporarily prevent protein misfolding (Wainwright et al., 2015) and can improve overall health in many patients. However, they do not address the underlying genetic cause and are not available to every patient due to high costs (De Boeck, 2020; Lee et al., 2020). Gene editing approaches, particularly prime editing, offer a promising alternative by directly correcting disease-causing mutations at the DNA level rather than merely mitigating symptoms. Gene therapy for CF has advanced significantly since the 1990s, when early trials using viral vectors faced immune responses and poor gene delivery efficiency (Lomunova and Gershovich, 2023). Recent developments center around mRNA-based therapies and gene editing showing encouraging preclinical results and leading to clinical trials (Choi and Engelhardt, 2021). The current focus is improving lung-targeted delivery using optimized vectors and nanoparticles to achieve lasting CFTR correction with minimal immune response (First inhaled lentiviral gene therapy enters cystic fibrosis trial, 2025). Nevertheless, there is still no approved gene therapy for CF (Lomunova and Gershovich, 2023), demonstrating the need for further research.
A promising approach for the targeted correction of CFTR mutations is prime editing, a precise genome-editing technique that enables targeted nucleotide modifications without inducing double-strand breaks (Figure 2). It relies on a fusion protein consisting of a catalytically impaired Cas-based nickase (nCas) and a reverse transcriptase (RT). The system is guided to a specific DNA sequence in the genome by a prime editing guide RNA (pegRNA), which also provides a template for the desired sequence modification. At the target DNA sequence, nCas introduces a single strand break in the non-target strand, creating an entry point for the reverse transcription process. The RT synthesizes a complementary DNA sequence, facilitating the incorporation of the intended genetic modification. The cellular repair mechanisms subsequently integrate the newly synthesized DNA into the genome, completing the editing process (Anzalone et al., 2019).
[image: Diagram illustrating the steps of prime editing. Panel A shows pegRNA binding and reverse transcriptase complex formation. Panel B displays a single-strand break. Panel C highlights primer binding site. Panel D depicts the new DNA strand with edits via reverse transcriptase. Panel E shows the final edited DNA sequence, with arrows indicating progression.]FIGURE 2 | Illustration of the prime editing mechanism. (A) The prime editor fusion protein (PE with Cas nickase domain (yellow) and reverse transcriptase domain (ochre)) complexed with a prime editing guide RNA (pegRNA with spacer, primer binding site and reverse transcriptase template (orange)) locates the genomic DNA (purple) target via DNA-RNA duplex formation and PAM (magenta) recognition by the Cas protein. (B) The nickase introduces a single-strand break in the PAM-containing strand. (C) The primer binding site (PBS) of the pegRNA binds to the 3′-flap of the cut DNA strand. (D) The reverse transcriptase synthesizes the new DNA strand, including the intended edit (light blue), in 5′ to 3′ direction from the primer based on the reverse transcriptase template (RTT) in the pegRNA. (E) The 3′ flap binds back to the genome. This step happens by chance, since both flaps are in an equilibrium. The 5′ overlap is excised by cellular exonucleases. The two flaps are ligated. Cellular mismatch repair integrates the edit into the genome.To effectively implement prime editing for CFTR correction in lung epithelial cells, an efficient and targeted delivery system is essential. Multiple delivery systems have been explored, with Lipid-Nanoparticles (LNPs) being the most promising option due to their lower immunogenicity (Verma et al., 2023) and greater loading capacity (Taha et al., 2022) for DNA and RNA, compared to other vectors, such as adeno-associated viruses (AAVs). The small size (60–200 nm) and biocompatibility of LNPs make them crucial for gene therapy and mRNA-based vaccines (Simonsen, 2024). Once in the body, LNPs are taken up by cells through endocytosis, but their therapeutic success relies on efficient endosomal escape. Deficiencies in endosomal escape increase vulnerability of mRNA to lysosomal degradation, compromising treatment effectiveness (Wang et al., 2024). To maximize therapeutic efficiency, we utilized the selective organ targeting (SORT) strategy (Cheng et al., 2020) to systematically engineer an LNP formulation optimized for lung-specific delivery. Compared to conventional LNP formulations consisting of ionizable lipids, phospholipids, pegylated lipids and cholesterol, an additional component, the SORT molecule, is integrated whose organ specificity is determined by the molecular chemistry and percentage in the LNP formulation (Cheng et al., 2020).
In this study, we optimized a prime editing strategy targeting the F508del mutation in CFTR by designing and testing tailored pegRNAs. We then delivered them alongside prime-editing mRNA via a lung-targeted LNP formulation into a human bronchial cell line, carrying the F508del mutation. Furthermore, we established a novel Prime Editing Activity Reporter (PEAR)-based model system to evaluate the prime editing efficiency in vitro. By correcting the F508del mutation, we aim to address the genetic cause of Cystic Fibrosis and restore CFTR function.
2 MATERIALS AND METHODS
2.1 Cell culture
The HEK293 cell line was obtained from Leibniz-Institute DSMZ (Germany), while the 508del carrying cell line was a kind gift of Prof. Dr. Ignatova from Hamburg University. Both cell lines were regularly tested for the presence of mycoplasma (Venor GeM Advance, Minerva Biolabs, Germany) and found to be negative. To verify that the F508del carrying cell line carries the expected homozygous mutation, we sequenced the genomic region surrounding the mutation via Nanopore sequencing. The results showed that the cells were not homozygous for the F508del mutation as 83% of sequenced cells showed no mutation in the expected region. Besides this mutation, the V470M mutation was also detected, which the cell line appears to be homozygous for. In the following, the partly F508del carrying cell line is referred to as CFBE-X.
HEK293 and CFBE-X cell lines were cultivated in DMEM (Capricorn Scientific, Germany), which was supplemented with 10% (v/v) fetal bovine serum (StemCell Technologies, Germany) and 1% penicillin-streptomycin (P/S; Capricorn Scientific, Germany). The cells were maintained at 37 °C in a 5% CO2 atmosphere (standard cultivation conditions). The cultures were passaged every 3–4 days upon reaching 90% confluency using Trypsin/EDTA (StemCell Technologies, Germany).
2.2 Transfection
The cells were seeded on 24-well plates (Sarstedt, Germany) at a density of 5 × 104 cells/well and transfected after 24 h. The fluorescent protein mVenus expressing plasmid pZMB0938 (Supplementary Table S1) was used as positive control for the transfection process and untreated cells were classified as negative control. The total amount of plasmid used with Lipofectamine transfection was 500 ng, comprising 50 ng of PEAR target plasmid, 150 ng of pegRNA, and 300 ng of prime editor (PE) coding plasmid adapted from Simon et al. (2022). In all experiments, the pCMV-PE6c (Simon et al., 2022; Bulcaen et al., 2024) plasmid was used as the PE expressing plasmid. The Lipofectamine transfection process was carried out in accordance with the manufacturer’s guidelines, utilizing Lipofectamine 3000 (Thermo Fisher Scientific, Germany).
For transfection with LNPs, 50 µL per well of the LNP solution containing 1,000 ng RNA was slowly dripped onto the cells in a 24-well plate in DMEM containing 10% FBS as well as 1% P/S and then cultivated under standard conditions.
For the transfection process using Polyethylenimine (PEI), a fresh mixture was prepared. For each well, 1,000 ng of plasmid DNA were mixed 100 µL of serum-free Opti-MEM. Subsequently, PEI (Thermo Scientific, Germany) at a concentration of 0.5 μg/μL was added at a ratio of 1:4 (i.e. 400 µL of PEI). The mixture was gently stirred and incubated at room temperature for 10–20 min to allow PEI to bind DNA. The cells were then washed with phosphate buffered saline (NaCl 137 mM, KCl 2.6 mM, Na2HPO4 10 mM, KH2PO4 1.8 mM; pH 7-7,4) to remove excess serum. The PEI-DNA-Opti-MEM mixture was added directly to the cells prior to incubation with the transfection mixture at 37 °C for 4–6 h. After incubation, the mixture was removed and replaced with DMEM.
The cells were analyzed 72 h post transfection by fluorescence microscopy (Leica DMI6000 B at 20× magnification, Leica Microsystems, Germany) to assess their viability. All cells were washed with phosphate buffered saline and detached with Accutase (Capricorn, Germany) for 10 min under standard cultivation conditions. The cells were analyzed by flow cytometry with BD Accuri C6 Plus flow cytometer (BD Biosciences, United States). For each sample, typically 1 × 106 events were measured by exciting at 488 nm and measuring FL1 channel (533/30 nm). Events which displayed a fluorescence higher than 99% of viable cells of the control were counted as fluorescent cells. Analysis was carried out using FlowJo 10.9 (BD Biosciences, United States).
2.3 Plasmid construction
All plasmids used for cloning were purchased from Addgene (Supplementary Table S1). The PEAR_CFTR plasmid (pDas12124_PEAR-GFP-F508del) was constructed by digesting pDas12124_PEAR-GFP-preedited (Addgene: 177179) (Simon et al., 2022) with NheI (NEB, Germany) and Xhol (NEB, Germany), followed by Gibson cloning of the modified sequence mimicking the genomic target site (GFP-GGTdel) kindly provided as gene synthesis from Integrated DNA Technologies (United States). Digestions and Gibson cloning were done according to NEBcloner and Gibson Assembly Master Mix-Assembly (E2611) protocols from NEB (Germany). The pegRNA expression vectors were created by golden gate cloning of annealed oligonucleotides into the pU6-pegRNA-GG-acceptor plasmid (Addgene: 132777) according to the cloning protocol established by Anzalone et al., 2019. Correct cloning of all plasmids was validated through Sanger sequencing of the cloning sites. All oligonucleotides for pegRNA construction, primers for colony PCR and fragment amplification as well as gene syntheses are listed in Supplementary Tables S1–S3.
2.4 Design of pegRNA variants
The web tool pegFinder (Chow et al., 2021) was used to create the first versions of pegRNAs which were then refined rationally. The choice of spacer, the basis for pegRNA design, was aided by the software CRISPick (Doench et al., 2016), which was used to evaluate off-target sites and cleavage potential.
2.5 Genomic DNA extraction and CFTR specific sequencing
Genomic DNA was extracted from the CFBE-X cell line using the NEB Monarch Genomic DNA purification Kit according to the manufacturer’s instructions. The extracted genomic DNA was subjected to PCR amplification using Taq DNA Polymerase (NEB, Germany) according to protocol and specific primers (Supplementary Tables S2 and S3) for the CFTR region of interest. The amplified PCR products were purified using NucleoSpin Gel and PCR clean-up (Macherey-Nagel, Germany) according to the manufacturer’s instructions. The purified products were then subjected to Nanopore sequencing using a ligation sequencing kit (SQK-NBD114.96). Long read data were produced on R10.4.1 flowcells (ONT) and basecalled with Dorado v. 7.6.7 in super-accuracy mode. The resulting reads were mapped to a reference sequence using minimap2 (Li, 2018) and visualized using IGV (Thorvaldsdottir et al., 2013) to confirm and quantify the presence of the F508 sequence.
2.6 RNA synthesis
Prior to RNA synthesis, the plasmid pCMV-PE6c was linearized using the restriction enzyme PvuI (NEB, Germany) in 10× CutSmart Buffer (NEB, Germany) for 3 h at 37 °C. After 2.5 h, the reaction was treated with Antarctic Phosphatase with corresponding buffer (NEB, Germany). Successful digestion was confirmed via analytical agarose gel electrophoresis, followed by purification of the linearized DNA using the NEB Monarch DNA purification Kit, with elution in 20 µL of ultrapure water. Concentration and purity of the treated DNA were assessed using spectrophotometry (Nanodrop 2000, Thermo Scientific, Germany). For RNA synthesis, the High ScribeT7 High Yield RNA Synthesis Kit (NEB, Germany) was used, along with a 3′-O-Me-m7G (5′)ppp (5′)G cap analog (NEB, Germany). The reaction was incubated at 37 °C for 1.5 h. ATP, UTP, and CTP were added at a final concentration of 5 mM, and GTP at a final concentration of 1 mM and the incubation continued at 37 °C for 1.5 h. Following synthesis, a DNase I (NEB, Germany) digestion step was performed, according to the NEB protocol, to remove residual DNA. The RNA was then subjected to poly(A) tailing using the NEB Poly(A) Polymerase Kit to enhance transcript stability and translational efficiency. Post-reaction purification was carried out with the Monarch RNA clean up Kit (NEB, Germany). The RNA concentration and purity were determined via spectrophotometry (Nanodrop 2000, Thermo Scientific, Germany).
2.7 RNA chitosan complexation
Chitosan with a viscosity of 5 centipoise and ultra-low molecular weight (Glentham Life Sciences, Germany) was prepared by dissolving 1 g in 100 mL of 1% acetic acid overnight, followed by autoclaving. The pH was adjusted to 5.5 using NaOH, and dilutions of 5,000 ng/μL and 2,000 ng/μL were prepared. For chitosan complex formation, RNA and chitosan solution were each heated to 50 °C. Then pegRNA (5,000 ng/μL) with chitosan (5,000 ng/μL) and the PE6c RNA (2,000 ng/μL) with chitosan (2,000 ng/μL) were mixed at a ratio of 1.5:1 (RNA volume: chitosan volume) by pipetting ten times.
2.8 LNP formulation
The LNP formulation process consisted of two main steps: preparation of the lipid mixture and formation of the LNPs with the RNA-chitosan complexes. Lipid stock solutions were prepared in 99% ethanol with the following final concentrations: 4A3-SC8 (Echelon Bioscience, United States) 150 mg/mL, DOPE (1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphoethanolamin, Avanti Polar Lipids, United States) 10 mg/mL, cholesterol (Cayman, United States) 10 mg/mL, mPEG-2000-DSPE, Na (sodium;[(2R)-2,3-di(octadecanoyloxy)propyl] 2-(2-methoxyethoxycarbonylamino)ethyl phosphate, Corden Pharma, Switzerland) 10 mg/mL, and DOTAP (1,2-dioleoyl-3-trimethylammonium-propane, Corden Pharma, Switzerland) 32.4 mg/mL. In a separate formulation, a plant-based cholesterol, BotaniChol (Corden Pharma, Switzerland), was used at the same concentration (10 mg/mL) as the standard cholesterol. The final lipid mixture was prepared by combining 6.7 μL 4A3-SC8 solution, 50.7 μL DOPE solution, 52.7 μL cholesterol or BotaniChol solution, 34.2 μL mPEG-2000-DSPE solution, and 40.0 μL DOTAP, resulting in a molar ratio of 14.5:14.5:28.9:2.7:39.4, followed by mixing until a clear solution was obtained.
For RNA mixture formation, the PE6c RNA-chitosan complex and the pegRNA-chitosan complex were combined at a 2:1 (m:m) in 8 μL and added to 52 μL citrate buffer (10 mM, pH 4; Thermo Scientific, Germany). In the next step 19.44 μL lipid mixture were combined with 0.66 μL 99% ethanol and the RNA mixture was rapidly and pipetted up and down for 30 s. The final ratio of aqueous to ethanol solution was 3:1 (v:v). LNPs were then incubated for 15 min at room temperature, followed by overnight dialysis against 1× phosphate buffered saline to remove ethanol and acidic buffer.
2.9 Physicochemical characterization of LNPs
Size and size distribution of the LNPs were assessed using Zetasizer measurements and cryo-transmission electron microscopy (cryo-TEM). Zetasizer analysis (Microtrac, Germany) included dynamic light scattering (DLS) to determine particle size distribution, polydispersity index (PDI) as a measure of size homogeneity, and zeta potential to evaluate surface charge. For these measurements, 600 µL of LNP solution was analyzed. Dialysis was performed in ultrapure water instead of phosphate buffered saline to reduce background charge and minimize any interference with the measurements. For structural analysis, LNP samples were vitrified on holey carbon TEM grids (Lacey Carbon Film, 200 mesh; Science Services, Germany) using a Leica EM GP Blotting and Plunging System (Leica, Germany). The grids were rapidly immersed in liquid ethane, cooled with liquid nitrogen, ensuring ultra-fast vitrification. Samples were then transferred to a cryo-transfer and tomography holder (Fischione Model 2550, E.A. Fischione Instruments, United States) to maintain cryogenic conditions during imaging. Image acquisition and processing were conducted using Digital Micrograph GMS 3 (Gatan, United States).
2.10 Cytotoxicity assay
In preparation for the cytotoxicity assay, 1 × 104 CFBE-X cells per well were seeded in a 96-well-plate in 50 μL cell culture medium. Background fluorescence was measured using triplicates of 100 µL medium. For evaluating the cytotoxicity of LNPs without cargo, serial dilutions at different concentrations were prepared, followed by the addition of 50 µL of the LNP solution into the well plate. The samples were incubated for 24 h at 37 °C. After incubation, the samples were treated with 10 µL of 0.1 g/L resazurin stock solution. Measurements were performed using a microplate reader (Microplate-reader Infinite M Plex, Tecan, Switzerland) at an excitation wavelength of 545 nm, and an emission wavelength of 590 nm. Data collection took place several times over 4 h.
2.11 Calculation of prime editing efficiency
To determine prime editing efficiency, two different approaches were used depending on the system applied. In the reporter plasmid system (pPEAR_CFTR), prime editing restores green fluorescent protein (GFP) fluorescence upon successful editing of a mutated splice site. The editing efficiency was calculated by normalizing the fluorescence signal of edited cells to that of cells transfected with a GFP-expressing control plasmid, which represents the maximum achievable fluorescence signal under our transfection conditions.
prime editing efficiency 1=% Fluorescent Cells edited% Fluorescent Cells GFP control×100
This calculation provides a relative measure of editing efficiency, contextualized to the maximum observable GFP signal. It accounts for variability in transfection efficiency and allows comparison between different pegRNAs.
2.12 Statistical analysis
Unless otherwise described, all statistical analyses were performed using Prism 5 (GraphPad Software, United States) and one-way ANOVA, followed by Tukey’s post hoc test to determine significant differences (p < 0.05). Data is presented as mean ± standard error (SE), with n = 3. Identical letters indicate groups that are not significantly different, whereas different letters represent statistically distinct datasets. Background noise was accounted by corresponding negative and positive controls as described in the figure legends.
3 RESULTS
3.1 PegRNA architecture with 16 nt PBS, 33 nt RTT and no silent edits enhances prime editing efficiency with pPEAR_CFTR in CFBE-X
In this work, the fluorescence-based PEAR system, introduced by Simon et al., in 2022, was contextualized to resemble the prime editing target site of genomic CFTR. The PEAR system is based on a GFP coding sequence, that is divided into two pieces by an intron from the mouse Vim gene. The splice donor site and the surrounding region are mutated in a way that disables splicing, thus preventing correct GFP expression. Prime editing can then be used to correct the mutated splice site and restore fluorescence in the cell. A Cas9 PAM sequence was identified 9 nt downstream of the CTT deletion on the template strand, with the 20 nt following on the coding strand making up the corresponding protospacer (Figure 3A). This PAM showed high in silico predicted cutting efficiency and proximity to the target mutation, while leaving room for an intact splice donor site flanking sequence (Figure 3A). This, combined with no immediate off-target sites, made it a promising candidate for use with the PEAR system. The pDas12124_PEAR-GFP-preedited plasmid with intact splice donor site was used as a starting point. A 3 bp deletion, found in F508del, was introduced into the splice site, removing the GT bases of the donor site as well as an additional base from the 5′ flanking sequence. This was done to ensure a low level of noise in GFP expression before editing. Downstream of the 4 bp 3′ flanking sequence, a 27 bp sequence was replaced with the sequence from genomic CFTR, including PAM sequence, protospacer as well as 4 bp for closer resemblance to the genomic target site. The upstream region of the newly introduced mutation contains the GFP coding sequence, which did not allow for major modification. Still, to emulate the AT-rich region upstream of the genomic CTT deletion, four silent mutations were added (Figure 3A).
[image: Diagram illustrating genomic editing of CFTR F508del with pegRNA configurations. Panel A shows sequences with CTT and GGT deletions and silent mutations. Panel B lists pegRNA details, including RTT, PBS, and SE. Panel C presents a bar graph of fluorescent cell percentages, with different pegRNA configurations. Panel D displays a bar graph of prime editing efficiency for genomic editing.]FIGURE 3 | Features of the reporter plasmid pPEAR_CFTR. (A) Excerpts of the sequences of genomic CFTR F508del, the pPEAR_CFTR plasmid constructed and used in this study and the pDas12124_PEAR-GFP-preedited plasmid (Simon et al., 2022), respectively. pPEAR_CFTR differs from pDas12124_PEAR-GFP-preedited in three aspects: A 3 bp deletion at the splice donor site resembling the deletion found in the CFTR F508del sequence, a 27 bp substitution 4 bp downstream of the deletion derived from the genomic CFTR sequence and 4 silent mutations upstream of the deletion increasing the AT content. The upper sequence of each sequence pair represents the coding DNA strand, and the lower sequence represents the template strand. (B) Overview of all pegRNAs with name, short form, Reverse Transcriptase Template (RTT, light purple = 27 bp, purple = 30 bp, dark purple = 33 bp), Primer Binding Site (PBS, light yellow = 16 bp, dark yellow = 17 bp), Silent Edits (SE, dark blue = no, light blue = yes), and experimental context (dark orange = reporter, light orange = genomic). (C) Flow cytometry measurements of CFBE-X cells co-transfected with pPEAR_CFTR, pCMV-PE6c and pegRNA_PEAR variants, n = 3 biological replicates. Comparison of mean values of different pegRNAs varying in their architecture regarding the PBS, RTT, and incorporation or not of silent edits. The negative control (light purple) consists of untreated cells, the positive control (purple) includes cells transfected with a GFP expressing plasmid. Statistics were performed via one-way ANOVA with Tukey’s post hoc test. Within each graph, samples that differ significantly are indicated with a different letter and color (p < 0.05). (D) Prime editing efficiency of pegRNA_PEAR variants with pPEAR_CFTR, the data from (C) were normalized to the positive control, which was set to 100%, n = 3 biological replicates. Statistics were performed via one-way ANOVA with Tukey’s post hoc test. Within each graph, samples that differ significantly are indicated with a different letter and color (p < 0.05).The flow cytometry analyses of the different prime editor systems pCMV-PE2 and pCMV-PE6c showed that the pCMV-PE6c system had a 1.55-time higher prime editing efficiency compared to pCMV-PE2 (Supplementary Figure S1).
To assess the relationship between pegRNA structure and prime editing efficiency, different pegRNA variants were examined by editing the constructed pPEAR_CFTR plasmid (Figure 3C) in CFBE-X cells. In the following, pegRNAs targeting the pPEAR_CFTR plasmid are referred to as pegRNA_PEAR. The different numerical suffixes indicate variations in their structure and are listed in Figure 3B. This experiment was also carried out in HEK293 cells (Supplementary Figure S2). The flow cytometry analysis demonstrated that pegRNA_PEAR_9 (PBS: 16 nt, RTT: 33 nt, no silent edits) exhibited the most significant prime editing efficiency, reaching approximately 6.5% fluorescent cells. Notably, its editing efficiency accounts for more than half of that observed in the positive control, highlighting its superior performance. Most other pegRNA_PEARs, except for pegRNA_PEAR_4 (PBS: 17 nt, RTT: 27 nt, silent edits) and pegRNA_PEAR_5 (PBS: 16 nt, RTT: 30 nt, no silent edits) with around 4.7% fluorescent cells, displayed relatively similar editing efficiencies (2.5%–3.6% fluorescent cells). Among all tested constructs, pegRNA_PEAR_11 (PBS: 17 nt, RTT: 33 nt, no silent edits) exhibited the least significant editing efficiency at approximately 1.6% fluorescent cells (Figure 3C). Overall, pegRNA_PEAR_9 achieves the most significant prime editing efficiency, thus identifying its architecture as the most promising for the CFTR F508del mutation. Therefore, pegRNA_PEAR_9 was subsequently used for further experiments.
3.2 LNP formulation enables transfection better than PEI and cargo-loaded LNPs show lower zeta potential and more uniform size distribution
To assess the LNP formulation, its physicochemical properties, including transfection efficiency, zeta potential, size distribution, and uniformity, were measured to evaluate the impact of different components and loading conditions.
The percentage of fluorescent cells was measured to assess transfection efficiency across different formulations via flow cytometry (Figure 4A). PEI-based transfection resulted in a moderate increase in fluorescent cells, reaching approximately 10%. Among the LNP formulations, LNPs containing cholesterol exhibited the highest transfection efficiency, with over 20% fluorescent cells. LNPs formulated with BotaniChol showed a slightly lower transfection rate but remained comparable to the cholesterol-based LNPs. Error bars indicate variability within the replicates, with LNP-based formulations showing greater variation compared to PEI. All three transfection methods showed a significant difference compared to the negative control. LNPs without cargo exhibited the highest zeta potential, with a median of 14.5 mV (range: 8–16 mV). RNA loading resulted in a decrease, with a median zeta potential of ∼11 mV (range: 9–12 mV). The addition of chitosan to RNA-loaded LNPs led to a further slight reduction, yielding a median of ∼10 mV (range: 8–12 mV). Statistical analysis showed no significant difference between the three groups (Figure 4B).
[image: Chart panel with multiple sub-figures displaying data on nanoparticles and viability: (A) Bar graph of fluorescent cells, showing higher values for PEI and lipid nanoparticles (LNP) formulations; (B) Scatter plot of zeta potential measurements; (C) Line graph of relative intensity versus diameter, comparing different conditions; (D) Scatter plot of polydispersity index; (E) Bar graph showing cell viability percentages for different LNP formulations and Triton; (F) Microscopy image showing nanoparticles with a scale of two hundred nanometers.]FIGURE 4 | Characterization of LNP formulations and different cargo. Cells were seeded on 24-well plates at a density of 5 × 104 cells/well prior to transfection and were then subjected to transfection at approximately 70% confluence. Cargo included 1,000 ng RNA per formulation. After cultivation cells were analyzed via flow cytometry and LNPs via Zetasizer (A) Comparison of Standard LNP formulation with cholesterol with plant based alternative BotaniChol, n = 3 biological replicates (B) Surface charge of LNPs with different or no cargo n = 3 technical replicates. (C) DLS analysis of LNP size n = 3 technical replicates. (D) Size distribution of LNPs with different or no cargo n = 3 technical replicates. (E) The cell viability (%) over 4 different time points (0 h, 2 h, 4 h, 6 h) for different LNP formulations at different dilutions (1:2.5, 1:5, 1:10, 1:20) and 1% Triton-X. Statistics were performed via two-way ANOVA with Tukey´s post hoc test. Within each graph, samples that differ significantly are indicated with a different letter and color (p < 0.05). Three biological replicates were measured. (F) Cryogenic transmission electron microscopy image of LNPs.The size distribution of LNP formulations was analyzed using DLS (Figure 4C). All formulations exhibited a similar size distribution, with a peak around 0.1 µm (∼100 nm). The relative intensity of scattered light was slightly higher for the RNA + chitosan formulation. No substantial shift in particle size was observed between formulations.
Analysis of the PDI revealed the highest value for LNPs without cargo, with a mean of ∼0.21, indicating greater heterogeneity. RNA-loaded LNPs exhibited a lower PDI (∼0.16), suggesting improved uniformity, while RNA + chitosan LNPs displayed a similar PDI (∼0.17) to the RNA-loaded group. Statistic analysis identified a significant difference in PDI between the LNP and LNP+RNA, whereas differences between LNP+RNA+Chitosan and LNP or LNP+RNA, despite seemingly present, were not significant. (Figure 4D).
The viability analysis revealed a largely constant cell survival rate in all tested conditions across all time points. Cell viability remained stable in all experimental groups and showed no significant deviations between the different time points (Supplementary Figures S3,S4). The non-loaded, cholesterol-containing LNPs showed significantly less viability when a 1:20 dilution was used. The non-loaded BotaniChol-containing LNPs showed significantly higher viability when 1:2.5 dilution was used. In contrast, the 1% Triton-X control led to a strongly reduced viability, as expected (Figure 4E). Moreover, the size of the LNP was determined using cryogenic transmission electron microscopy (Figure 4F). In summary, the results demonstrated that LNP formulations, particularly those containing cholesterol, achieved the highest transfection efficiency, significantly surpassing the negative control and PEI transfection. While Zeta potential and PDI measurements indicated slight variations, no significant differences were found between RNA and RNA + chitosan LNPs. Cell viability remained stable across all conditions, with notable exceptions for specific LNP dilutions, and cytotoxicity was observed in the 1% Triton-X control, as expected (Figure 4).
3.3 LNP-mediated delivery enhances transfection and prime editing efficiency in CFBE-X cells in vitro
To enhance prime editing efficiency, chitosan and cholesterol complexed LNP were selected to target pPEAR-CFTR transfected in CFBE-X cells (Figure 5). The results show a significant increase in fluorescent cells for all three pegRNA_PEAR variants compared to control (Figure 5A). All tested pegRNA_PEAR constructs (pegRNA_PEAR_4, 5, and 9) resulted in values of fluorescent cells ranging between 10% and 13%. The highest fluorescence was observed for pegRNA_PEAR_4 and pegRNA 9, both reaching around 12%–13%, whereas pegRNA_PEAR_5 showed a lower efficiency of approximately 10%. Furthermore, the efficiency of prime editing was assessed and normalized to the positive control (Figure 5B). During this analysis, pegRNA_PEAR_4 and pegRNA_PEAR_9 exhibited comparable editing efficiencies of 56%, whereas pegRNA_PEAR_5 demonstrated a reduced efficiency of around 50%. Statistical analysis reveals no significant difference among the pegRNA_PEAR groups, suggesting comparable efficiency. As expected, the transfection efficiency increased by using LNPs by a factor of 1.5 compared to that of PEI tranfection.
[image: Bar charts labeled A and B. Chart A shows fluorescent cells percentage for conditions: neg, pos, 4P, 5P, 9P. Chart B displays prime editing efficiency percentage for the same conditions. Both charts indicate significant differences with letters a, b, c over the bars, and sample size n equals three. Purple bars indicate a higher percentage in the pos condition compared to yellow and orange bars in other conditions. Error bars are present on each bar.]FIGURE 5 | Delivery of prime editing components via LNPs: Flow cytometry analysis of CFBE-X cells with pPEAR-CFTR. (A) The percentage of fluorescent cells in the flow cytometry analysis is shown for three different pegRNAs (pegRNA 4, 5, and 9), which were selected and co-delivered with the pCMV-PE6c plasmid into CFBE-X cells using LNPs. The CFBE-X cells were initially transfected with pPEAR_CFTR, followed by the addition of LNPs loaded with pegRNA-chitosan-complex, n = 3 biological replicates. (B) The percentage of prime editing efficiency is shown for each pegRNA. All samples are shown for each condition compared to control, n = 3 biological replicates. Statistics were performed via one-way ANOVA with Tukey’s post hoc test. Within each graph, samples that differ significantly are indicated with a different letter and color (p < 0.05), “neg” denotes CFBE-X cells without transfection and “pos” cells transfected with a GFP expressing plasmid.3.4 Prime editing with pegRNA variants designed to correct the F508del genomic CFTR, verified by nanopore sequencing
In the next step, pegRNAs were specifically designed to target the CFTR-F508del region in the CFBE-X cell line, followed by a subsequent prime editing experiment and sequencing (Figure 6). Note that sequencing prior editing unexpectedly revealed, that the CFBE-X cell line carries the correct sequence in ∼83% of cases, and only ∼17% are editable. Again, the PE6c prime editor was used combined with the designed pegRNA_genomic_CFTR variants. The length of PBS and RTT and the silent edits were used as in the pegRNA_PEAR variants 4, 5, 9, 10 and 12 which showed the highest prime editing efficiency (Figure 3D). The genomic DNA of the cells was extracted and next-generation sequencing was used to analyze the percentage of sequencing reads containing the corrected F508 sequence. PegRNA_genomic_CFTR_4, 5, and 9 achieved the highest rates of correct DNA sequences, (∼85–88%), while pegRNA_genomic_CFTR_10 and 12 exhibit lower but comparable values (∼82–84%) (Figure 6).
[image: Bar chart showing the share of reads with F508 in percentage for various conditions labeled neg, 4G, 5G, 9G, 10G, and 12G. The bars are color-coded: purple for neg, orange for 4G, 5G, and 9G, and yellow for 10G and 12G. The neg condition is significantly lower than the others. The sample size is three. Error bars and annotations "a," "ab," and "b" indicate statistical significance.]FIGURE 6 | Sequencing analysis of prime editing gene efficiency for F508del correction using five distinct pegRNA variants. The percentage of sequencing reads with correct F508 is shown for prime editing with 5 different pegRNAs. PegRNA_genomic_CFTR_4, 5, 9, 10, and 12 were selected to target F508del and co-delivered with the pCMV-PE6c into the cells, n = 3. Statistics were performed via one-way ANOVA with Tukey’s post hoc test. Within each graph, samples that differ significantly are indicated with a different letter and color (p < 0.05).4 DISCUSSION
CF is a severe genetic disorder caused by mutations in the CFTR gene, leading to an imbalanced liquid homeostasis in lung epithelia cells. By aiming to optimize prime editing for the correction of the CFTR F508del mutation, a proof-of-concept pPEAR_CFTR-Reporter and pegRNAs were designed and co-delivered with pCMV-PE6c prime editor into CFBE-X cells using LNPs. Therefore, optimal LNP formulation was selected and LNPs were characterized. Transfection efficiency was evaluated using fluorescence reporters. Furthermore, genetic CFTR F508del was targeted, and prime editing efficiency was quantified via sequencing analysis.
4.1 Screening for optimal pegRNA variants in newly conceptualized reporter plasmid pPEAR-CFTR
The testing of pegRNA variants is of critical importance, as the pegRNA plays a decisive role, among other factors, in editing efficiency. It is important to note that the effectiveness of pegRNAs is highly context-dependent, meaning that there is not a universally optimal pegRNA. Instead, the pegRNA must be tailored to the specific application. To this end, a systematic testing of pegRNA variants was conducted using the constructed reporter system, with the objective of identifying the most suitable candidates for application within the given genomic context.
For precise genome editing, the selection of the spacer sequence in the pegRNA is critical, as it serves as the primary determinant of target specificity and potential off-target effects. To minimize such off-target activity, we used the CRISPick software (Doench et al., 2016) to evaluate candidate spacers and selected the one predicted to have the lowest off-target propensity. Furthermore, to increase stability, a structural motif was incorporated into the pegRNAs, which protects the pegRNAs from rapid degradation by ribonucleases, thereby increasing their lifespan in the cellular environment. Specifically, the tevopreQ1 stem loop was chosen, as established by Nelson et al. (2022). Since PBS and RTT lengths are highly context-dependent, several variants with different PBS and RTT lengths, as well as their combinations, were tested to determine the optimal length configuration for the target in question. We took into consideration that regions with a low GC content, as in this case (23.5% for a PBS length of 17 nt and 25% for a PBS length of 16 nt), typically require the use of longer PBS sequences, e.g., over 13 nt, for effective priming as shown by Anzalone et al., 2019. This is consistent with the energetic demands of the hybridization of the nicked DNA strand to the pegRNA PBS (Anzalone et al., 2019). Based on the results generated by the pegFinder software (Chow et al., 2021), variants with PBS lengths of 16 and 17 nt were tested. Additionally, six RT templates were evaluated, varying in length (27, 30 and 33 nt) and differing in the implementation of silent edits (being imperative to consider the silent edit leading to the PAM disrupt) – leading to a total of 12 pegRNA variants tested. It is noteworthy that RT templates which position a C adjacent to the 3-hairpin of the single guide RNA (sgRNA) scaffold generally result in reduced editing efficiency, so this was deliberately avoided when designing the pegRNAs (Anzalone et al., 2019). PegRNA variants with and without silent edits (Supplementary Table S3) were designed to evaluate their impact on editing efficiency and to determine whether such modifications improve or degrade performance.
The results show a strong dependence of prime editing efficiency on even small variations of pegRNA features. For example, pegRNA_PEAR_11 (PBS: 17 nt, RTT: 33 nt, no silent edits) and pegRNA_PEAR_12 (PBS: 17 nt, RTT: 33 nt, silent edits) yielded substantial differences in editing efficiency, varying from approximately 1.6%–4.0% fluorescent cells. Furthermore, no PBS or RTT length was strictly predictive of editing efficiency, suggesting that other factors such as RT template secondary structure also influence editing activity (Figure 3B). These findings are consistent with those previously reported by Anzalone et al., 2019, thereby providing further support for the conclusion.
The incorporation of silent edits leads to enhanced editing efficiency when using an RTT length of 27 nucleotides. However, this effect is not consistently observed across all RT lengths. For other pegRNA variants, the presence of silent edits does not necessarily improve editing efficiency and, in some cases, even reduces it. This is particularly evident in the case of pegRNA_PEAR_9 (PBS: 16 nt, RTT: 33 nt, no silent edits), which exhibits the highest editing efficiency without silent edits while showing a 1.8-fold increase in editing efficiency compared to pegRNA_PEAR_10 (PBS: 16 nt, RTT: 33 nt, silent edits). The findings suggest that the impact of silent edits is also context-dependent and influenced by the specific RT template length (Figure 3C). The conclusions drawn by Li et al., 2022, who reported a substantial enhancement in efficiency for base editing, up-to 4,976-fold, through the implementation of same-sense mutations led to the formulation of a hypothesis that predicts a comparable effect for multi-base edits. However, our data do not support this hypothesis. Consequently, further research is necessary, particularly concerning the evaluation of various silent edits and their combinations.
4.2 Characterization of lung specific LNP formulation with RNA-chitosan-complexation and plant-based cholesterol alternative
In the context of gene delivery, it is well-established that the efficiency of transfection is influenced by the formulation and the resulting cellular uptake and endosomal escape of the delivery system. As PEI, a widely used non-viral transfection method, has been associated with high cytotoxicity and suboptimal biocompatibility depending on molecular size (Moghimi et al., 2005), we investigated delivery via LNPs. Our results show that the tested LNP formulations achieve a higher transfection rate compared to that of the PEI control but without significant cytotoxicity (Figures 4A,E). In LNP formulations PEGylation is an important factor providing stability, solubility and stealth functionality by preventing aggregation, unintended adherence, and detection by immune cells. However, it has been shown that excessive PEG modification hinders transfection efficiency by reducing cellular uptake and impeding the endosomal escape of the complexes (Binici et al., 2025). Our results did not show reduced transfection rates although the PEG concentration with molar 2.7 % in our formulation was high. This suggests that in our LNP formulation and used transfection conditions, the increased PEG content did not have a negative effect on the transfection rate (Figure 4A).
Another important ingredient in LNP formulation is cholesterol, since it is critical for stabilizing the lipid layer, particle formation or enhancing the efficiency of gene transfection by facilitating the endosomal escape (Zidovska et al., 2009). In addition, studies demonstrated that cholesterol analogs enhanced transfection rates compared to standard cholesterol, as they improve the polymorphic shape of lipid nanoparticles and enhance intracellular mRNA delivery (Patel et al., 2020). We explored the use of a plant-derived cholesterol as a vegan alternative to conventional animal-based cholesterol. For that, we evaluated a plant-derived cholesterol named ‘BotaniChol’, which is labeled as >99% pure. As expected, the results showed no significant change in transfection efficiency (Figure 4A) and there were no notable differences in cytotoxicity between the two formulations (Figure 4E). This suggests that plant-based cholesterol may be used as a replacement.
Zeta potential analysis showed no significant differences among the three tested groups, suggesting that neither the presence of cargo nor chitosan complexation substantially alters surface charge (Figure 4B). Despite the incorporation of the cationic lipid 4A3 SC8 and 39.4% DOTAP, which would typically result in a more positively charged LNP, our formulation exhibited a relatively low zeta potential between 10 and 13 mV. This can possibly be attributed to the presence of the high PEG concentration in our LNP formulation, which likely shields surface charge and influences zeta potential measurements, a phenomenon previously reported in the literature (Choi et al., 2025).
Distinct differences were observed in PDI. LNPs without cargo exhibited a higher PDI and a broader distribution range, suggesting greater variability in size distribution. Conversely, LNPs loaded with RNA, as well as those containing RNA-chitosan complexes, showed a lower mean PDI and a more uniform size distribution (Figure 4D). This indicates that the incorporation of cargo facilitates the formation of LNPs with consistent size. While the addition of chitosan influenced the size distribution, the observed differences between RNA-loaded LNPs with and without chitosan were not significant (Figure 4D).
These findings highlight the importance of optimizing LNP composition to balance stability, transfection efficiency, and homogeneity. Further investigations should focus on refining PEG content and exploring alternative strategies to enhance endosomal escape while maintaining effective cellular uptake stability. Despite these promising results, several challenges remain. An important factor for the potential application of LNP-mediated gene therapy in CF patients that still requires thorough evaluation is the impact of the viscous mucus accumulation that occurs in vivo on the therapeutic effectiveness. While this study focused on optimizing the LNP formulation for compatibility with the therapeutic mRNA and a lung cell line, the formulation needs to be further optimized for in vivo application. In addition to the affinity of the LNPs to the mucus, the size is also a key factor in mucus penetration. While larger LNPs may bind to the mucus but not necessarily pass through it, smaller LNPs (up to 500 nm) can efficiently pass through the barrier and reach the epithelial lining (Zhao et al., 2022). With a diameter of just over 100 nm (Figure 4C), our LNPs showed the optimal prerequisite for overcoming the mucus barrier.
Prior to the administration of LNP-based therapeutics via inhalation, the airway mucus barrier can be modulated to facilitate particle penetration. In CF patients, the mucus layer is pathologically thickened and exhibits increased viscoelasticity, impeding the diffusion of inhaled nanoparticles toward the epithelial surface. Inhalation of hypertonic saline has been demonstrated to exert mucolytic effects and to enhance mucociliary clearance by hydrating and partially restoring the periciliary liquid layer lining the airways (Reeves et al., 2012). Another way to make mucus more penetrable is to use the mucolytic properties of N-acetylcysteine. This active ingredient is already used for inhalation in CF patients and, in addition to its mucolytic properties, also has antioxidant and antibiofilm benefits (Guerini et al., 2022). Administering hypertonic saline or N-acetylcysteine before LNP inhalation is anticipated to transiently reduce mucus viscosity and improve its permeability, thereby enabling more efficient traversal of the mucus mesh by LNPs and enhancing their subsequent interaction with target epithelial cells.
In subsequent experimental stages, the LNP formulation could be further engineered to achieve selective delivery to basal epithelial cells within the airway epithelium through a dual-display surface strategy. In this design, one moiety would serve as a transcytosis ligand, such as albumin, to mediate passage through the overlying epithelial cell layer via receptor-dependent vesicular transport. The second moiety would be a basal cell–targeting ligand, for example through targeting basal cell markers like Trp-63 (p63) and cytokeratin 5 and 14 (Krt5/14), to promote preferential uptake by basal cells through receptor-mediated endocytosis (Rock et al., 2009). This combinatorial targeting approach would enable the LNPs to traverse the differentiated epithelial layer intact and subsequently bind to and be internalized by basal cells, where the therapeutic payload would be released following endosomal escape.
4.3 Using optimized pegRNAs for efficient prime editing of both pPEAR_CFTR and the genomic CFTR locus, delivered via LNPs
The efficiency of prime editing depends on various factors that can be specifically optimized. For example, the impact of pegRNA design on editing efficiency demonstrates that even small sequence variations can lead to significant differences. While certain trends, such as the influence of silent edits and PBS/RTT lengths, were observed, optimal pegRNA design remains highly context dependent. The PE6c system with pegRNA_PEAR_4 or pegRNA_PEAR_9, mediated by LNP and chitosan, achieved a prime editing efficiency of 54% in pPEAR_CFTR transfected CFBE-X cells (Figure 5B) while the use of LNPs resulted in approximately twice the transfection efficiency compared to transfection without LNPs (Figure 4A). This demonstrates that LNPs significantly enhance the uptake and expression of the delivered components. To put the results into perspective, similar efficiencies of over 53% were achieved in HEK293-Gal9-GFP cells using LNPs loaded with PE3 and pegRNA (Herrera-Barrera et al., 2023). Additionally, PE6c-mediated correction of the pathogenic RECQL3 (Bloom Syndrome) mutation at nt 2,281 (6 bp deletion/7 bp insertion) in HEK293T cells resulted in a prime editing efficiency of nearly 32% without detectable indels (Doman et al., 2023). Furthermore, the efficiency of prime editing is not only determined by the pegRNA design, but also influenced by the cellular environment, the transfection method and the prime editing system used. In the context of prime editing, the pPEAR_CFTR model provides proof of concept for the targeted correction of F508del mutation. Through targeted screening experiments, these variables can be systematically optimized to adapt prime editing to specific cell types and therapeutic applications.
The final experiment in this study targeted the F508del mutation in the CFTR gene. For this approach, the PE6c prime editor was used alongside the pegRNA variants that showed the highest prime editing efficiency with the reporter system. In these preliminary experiments, the best RTT and PBS lengths and the use of silent edits were investigated. The analysis shows that the use of pegRNA_genomic_CFTR_4, 5, and 9 resulted in a significant proportion of reads with the correct F508 sequence (Figure 6).
Contrary to the expectation that the F508del mutation is homozygous in the cell line, the negative control showed the corrected wild type sequence with CTT in approximately 83% of the reads. Accounting for these results, the total amount of editable genes is only 17%. The percentage of edited cells is around 5%, if the proportion of genes that were previously correct is subtracted. This is the same percentage range as found in the literature (Sousa et al., 2024), where between 2% and 15% of sequencing reads were found to contain the CTT insertion. To make rough statements about the primary editing efficiency, it is necessary to consider the transfection efficiency. With the conditions and cells used in this study the transfection efficiency is between 10% and 15%. By calculating the number of edited cells divided per transfection rate, it could be assumed that the prime editing efficiency is around 40%. Again, pegRNA_genomic_CFTR_4 and 5 showed higher prime editing efficiency than the other three tested variants.
Targeted gene correction is a promising approach for treating CF by directly addressing its genetic cause. The pPEAR_CFTR model in CFBE-X cell line demonstrates that prime editing can precisely correct mutations in the CFTR gene like model. With further modifications basal lung cells could be targeted with even higher efficiency. The results of the in vitro experiments must undergo extensive in vivo experiments in a suitable animal model to validate the results. This is needed to ensure efficacy and security of the system. This also includes the investigation of potential long-term effects as well as possible side effects of the therapy. The implementation into a clinical application will depend on these results (European Medicines Agency, 2018).
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SUPPLEMENTARY FIGURE S1 | Flow cytometry measurements of edited HEK293 cells, 100,000 counts in one experiment. Comparison of mean values of different Prime Editors (PE2 and PE6c). The negative control (light purple) consists of untreated cells, the positive control (purple) includes cells transfected with pZMB0938, sample cells were transfected with pDAS12489 and either pCMV-PE2 (light blue) or pCMV-PE6c (dark blue).
SUPPLEMENTARY FIGURE S2 | Flow cytometry measurements of edited HEK293 cells containing the pPEAR_CFTR plasmid, 100,000 counts in one experiment. Comparison of mean values of different pegRNAs varying in their architecture regarding the Primer binding sequence (PBS), Reverse transcriptase template (RTT) and incorporation (+) or not (-) of silent edits. The negative control (light purple) consists of untreated cells, the positive control (purple) includes cells transfected with pZMB0938 and sample cells were transfected with pPEAR_CFTR and pU6-pegRNA-GG-acceptor plasmid containing the different pegRNAs (yellow).
SUPPLEMENTARY FIGURE S3 | The viability of cholesterol-containing non-loaded LNP with 4 different dilutions (1:2.5, 1:5, 1:10, 1:20) and 1% Triton was measured at 4 different time points (0 h, 2 h, 4 h and 6 h). Statistics were performed via two-way ANOVA with Tukey´s post hoc test. 3 biological replicates were measured.
SUPPLEMENTARY FIGURE S4 | The viability of bota-containing non-loaded LNP with 4 different dilutions (1:2.5, 1:5, 1:10, 1:20) and 1% Triton was measured at 4 different time points (0 h, 2 h, 4 h and 6 h). Statistics were performed via two-way ANOVA with Tukey´s post hoc test. 3 biological replicates were measured.
ABBREVIATIONS
DLS, Dynamic light scattering; DOPE, 1,2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphoethanolamin; DOTAP, 1,2-dioleoyl-3-trimethylammonium-propane; mPEG-2000-DSPE, sodium (2R)-2,3-di(octadecanoyloxy)propyl] 2-(2-methoxyethoxycarbonylamino)ethyl phosphate; NBD, Nucleotide binding domain; PBS, Primer binding site; PDI, Polydispersity index; PE, Prime editor; PEAR, Prime editing activity reporter; PegRNA, Prime editing guide RNA; PEI, Polyethylenimine; PEG, Polyethylene glycol; RTT, Reverse transcriptase template; SgRNA, single guide RNA; SORT, Selective organ targeting; TBD, Transmembrane binding domain; TSE, Transmissible spongiform encephalopathies.
REFERENCES
	Amico, G., Brandas, C., Moran, O., and Baroni, D. (2019). Unravelling the regions of mutant F508del-CFTR more susceptible to the action of four cystic fibrosis correctors. Int. J. Mol. Sci. 20, 5463. doi:10.3390/ijms20215463

	Anzalone, A. V., Randolph, P. B., Davis, J. R., Sousa, A. A., Koblan, L. W., Levy, J. M., et al. (2019). Search-and-replace genome editing without double-strand breaks or donor DNA. Nature 576, 149–157. doi:10.1038/s41586-019-1711-4

	Binici, B., Rattray, Z., Zinger, A., and Perrie, Y. (2025). Exploring the impact of commonly used ionizable and pegylated lipids on mRNA-LNPs: A combined in vitro and preclinical perspective. J. Contr. Release 377, 162–173. doi:10.1016/j.jconrel.2024.11.010

	Bierlaagh, M. C., Muilwijk, D., Beekman, J. M., and Van Der Ent, C. K. (2021). A new era for people with cystic fibrosis. Eur. J. Pediatr. 180, 2731–2739. doi:10.1007/s00431-021-04168-y

	Bulcaen, M., Kortleven, P., Liu, R. B., Maule, G., Dreano, E., Kelly, M., et al. (2024). Prime editing functionally corrects cystic fibrosis-causing CFTR mutations in human organoids and airway epithelial cells. Cell Rep. Med. 5, 101544. doi:10.1016/j.xcrm.2024.101544

	Chen, P. J., Hussmann, J. A., Yan, J., Knipping, F., Ravisankar, P., Chen, P.-F., et al. (2021). Enhanced prime editing systems by manipulating cellular determinants of editing outcomes. Cell 184, 5635–5652.e29. doi:10.1016/j.cell.2021.09.018

	Cheng, Q., Wei, T., Farbiak, L., Johnson, L. T., Dilliard, S. A., and Siegwart, D. J. (2020). Selective organ targeting (SORT) nanoparticles for tissue-specific mRNA delivery and CRISPR–cas gene editing. Nat. Nanotechnol. 15, 313–320. doi:10.1038/s41565-020-0669-6

	Choi, S. H., and Engelhardt, J. F. (2021). Gene therapy for cystic fibrosis: lessons learned and paths forward. Mol. Ther. 29, 428–430. doi:10.1016/j.ymthe.2021.01.010

	Choi, A. S., Moon, T. J., Bhalotia, A., Rajan, A., Ogunnaike, L., Hutchinson, D. W., et al. (2025). Lipid nanoparticles and PEG: time frame of immune checkpoint blockade can be controlled by adjusting the rate of cellular uptake of nanoparticles. Mol. Pharm. 22, 1859–1868. doi:10.1021/acs.molpharmaceut.4c01039

	Chow, R. D., Chen, J. S., Shen, J., and Chen, S. (2021). A web tool for the design of prime-editing guide RNAs. Nat. Biomed. Eng. 5, 190–194. doi:10.1038/s41551-020-00622-8

	De Boeck, K. (2020). Cystic fibrosis in the year 2020: a disease with a new face. Acta Paediatr. 109, 893–899. doi:10.1111/apa.15155

	Doench, J. G., Fusi, N., Sullender, M., Hegde, M., Vaimberg, E. W., Donovan, K. F., et al. (2016). Optimized sgRNA design to maximize activity and minimize off-target effects of CRISPR-Cas9. Nat. Biotechnol. 34, 184–191. doi:10.1038/nbt.3437

	Doman, J. L., Pandey, S., Neugebauer, M. E., An, M., Davis, J. R., Randolph, P. B., et al. (2023). Phage-assisted evolution and protein engineering yield compact, efficient prime editors. Cell 186, 3983–4002.e26. doi:10.1016/j.cell.2023.07.039

	European Medicines Agency (2018). Guideline on the quality, non-clinical and clinical aspects of gene therapy medicinal products. Amsterdam, Netherlands: European Medicines Agency. Available online at: https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-quality-non-clinical-and-clinical-aspects-gene-therapy-medicinal-products_en.pdf (Accessed March 31, 2025).

	First inhaled lentiviral gene therapy enters cystic fibrosis trial (2025). Nat. Biotechnol.43, 288. doi:10.1038/s41587-025-02616-w

	Guerini, M., Condrò, G., Friuli, V., Maggi, L., and Perugini, P. (2022). N-acetylcysteine (NAC) and its role in clinical practice management of cystic fibrosis (CF): a review. Pharmaceuticals 15, 217. doi:10.3390/ph15020217

	Haack, A., Aragão, G. G., and Novaes, M. R. C. G. (2013). Pathophysiology of cystic fibrosis and drugs used in associated digestive tract diseases. World J. Gastroenterol. 19, 8552–8561. doi:10.3748/wjg.v19.i46.8552

	Herrera-Barrera, M., Ryals, R. C., Gautam, M., Jozic, A., Landry, M., Korzun, T., et al. (2023). Peptide-guided lipid nanoparticles deliver mRNA to the neural retina of rodents and nonhuman primates. Sci. Adv. 9, eadd4623. doi:10.1126/sciadv.add4623

	Hwang, T.-C., and Kirk, K. L. (2013). The CFTR ion channel: gating, regulation, and anion permeation. Cold Spring Harb. Perspect. Med. 3, a009498. doi:10.1101/cshperspect.a009498

	Kerem, E., Orenti, A., Adamoli, A., Hatziagorou, E., Naehrlich, L., Sermet-Gaudelus, I., et al. (2024). Cystic fibrosis in Europe: improved lung function and longevity – reasons for cautious optimism, but challenges remain. Eur. Respir. J. 63, 2301241. doi:10.1183/13993003.01241-2023

	Lee, S. E., Farzal, Z., Daniels, M. L. A., Thorp, B. D., Zanation, A. M., Senior, B. A., et al. (2020). Cystic fibrosis transmembrane conductance regulator modulator therapy: a review for the otolaryngologist. Am. J. Rhinol. Allergy 34, 573–580. doi:10.1177/1945892420912368

	Li, H. (2018). Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics 34, 3094–3100. doi:10.1093/bioinformatics/bty191

	Li, X., Zhou, L., Gao, B.-Q., Li, G., Wang, X., Wang, Y., et al. (2022). Highly efficient prime editing by introducing same-sense mutations in pegRNA or stabilizing its structure. Nat. Commun. 13, 1669. doi:10.1038/s41467-022-29339-9

	Liu, F., Zhang, Z., Csanády, L., Gadsby, D. C., and Chen, J. (2017). Molecular structure of the human CFTR ion channel. Cell 169, 85–95.e8. doi:10.1016/j.cell.2017.02.024

	Lomunova, M. A., and Gershovich, P. M. (2023). Gene therapy for cystic fibrosis: recent advances and future prospects. Acta Naturae 15, 20–31. doi:10.32607/actanaturae.11708

	Moghimi, S. M., Symonds, P., Murray, J. C., Hunter, A. C., Debska, G., and Szewczyk, A. (2005). A two-stage poly(ethylenimine)-mediated cytotoxicity: implications for gene transfer/therapy. Mol. Ther. 11, 990–995. doi:10.1016/j.ymthe.2005.02.010

	Nelson, J. W., Randolph, P. B., Shen, S. P., Everette, K. A., Chen, P. J., Anzalone, A. V., et al. (2022). Engineered pegRNAs improve prime editing efficiency. Nat. Biotechnol. 40, 402–410. doi:10.1038/s41587-021-01039-7

	Patel, S., Ashwanikumar, N., Robinson, E., Xia, Y., Mihai, C., Griffith, J. P., et al. (2020). Naturally-occurring cholesterol analogues in lipid nanoparticles induce polymorphic shape and enhance intracellular delivery of mRNA. Nat. Commun. 11, 983. doi:10.1038/s41467-020-14527-2

	Reeves, E. P., Molloy, K., Pohl, K., and McElvaney, N. G. (2012). Hypertonic saline in treatment of pulmonary disease in cystic fibrosis. Sci. World J. 2012, 1–11. doi:10.1100/2012/465230

	Rock, J. R., Onaitis, M. W., Rawlins, E. L., Lu, Y., Clark, C. P., Xue, Y., et al. (2009). Basal cells as stem cells of the mouse trachea and human airway epithelium. Proc. Natl. Acad. Sci. U.S.A. 106, 12771–12775. doi:10.1073/pnas.0906850106

	Rodrigues, R., Gabetta, C. S., Pedro, K. P., Valdetaro, F., Fernandes, M. I. M., Magalhães, P. K. R., et al. (2008). Cystic fibrosis and neonatal screening. Cad. Saúde Pública 24, s475–s484. doi:10.1590/S0102-311X2008001600002

	Simon, D. A., Tálas, A., Kulcsár, P. I., Biczók, Z., Krausz, S. L., Várady, G., et al. (2022). PEAR, a flexible fluorescent reporter for the identification and enrichment of successfully prime edited cells. eLife 11, e69504. doi:10.7554/eLife.69504

	Simonsen, J. B. (2024). Lipid nanoparticle-based strategies for extrahepatic delivery of nucleic acid therapies – challenges and opportunities. J. Control. Release 370, 763–772. doi:10.1016/j.jconrel.2024.04.022

	Sousa, A. A., Hemez, C., Lei, L., Traore, S., Kulhankova, K., Newby, G. A., et al. (2024). Systematic optimization of prime editing for the efficient functional correction of CFTR F508del in human airway epithelial cells. Nat. Biomed. Eng. , 1–15. doi:10.1038/s41551-024-01233-3

	Taha, E. A., Lee, J., and Hotta, A. (2022). Delivery of CRISPR-cas tools for in vivo genome editing therapy: trends and challenges. J. Control. Release 342, 345–361. doi:10.1016/j.jconrel.2022.01.013

	Thorvaldsdottir, H., Robinson, J. T., and Mesirov, J. P. (2013). Integrative genomics viewer (IGV): high-performance genomics data visualization and exploration. Brief. Bioinform. 14, 178–192. doi:10.1093/bib/bbs017

	Verma, M., Ozer, I., Xie, W., Gallagher, R., Teixeira, A., and Choy, M. (2023). The landscape for lipid-nanoparticle-based genomic medicines. Nat. Rev. Drug Discov. 22, 349–350. doi:10.1038/d41573-023-00002-2

	Wainwright, C. E., Elborn, J. S., Ramsey, B. W., Marigowda, G., Huang, X., Cipolli, M., et al. (2015). Lumacaftor–ivacaftor in patients with cystic fibrosis homozygous for Phe508del CFTR. N. Engl. J. Med. 373, 220–231. doi:10.1056/NEJMoa1409547

	Wang, S., Guo, B., Wang, H., and Yang, F. (2024). The optimization strategies of LNP-mRNA formulations: development and challenges for further application. J. Drug Deliv. Sci. Technol. 95, 105547. doi:10.1016/j.jddst.2024.105547

	Zhao, K., Xie, Y., Lin, X., and Xu, W. (2022). The mucoadhesive nanoparticle-based delivery system in the development of mucosal vaccines. Int. J. Nanomedicine 17, 4579–4598. doi:10.2147/IJN.S359118

	Zidovska, A., Evans, H. M., Ahmad, A., Ewert, K. K., and Safinya, C. R. (2009). The role of cholesterol and structurally related molecules in enhancing transfection of cationic Liposome−DNA complexes. J. Phys. Chem. B 113, 5208–5216. doi:10.1021/jp809000e

	Zolin, A., Adamoli, A., Bakkeheim, E., and van Rens, J. (2024). ECFSPR annual report 2022. Denmark: ECFS. Available online at: https://www.ecfs.eu/sites/default/files/Annual%20Report_2022_vs1.0_ECFSPR_20250130.pdf (Accessed February 25, 2025).


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
Copyright © 2025 Lange, Wiesner, Susat, Köhler, Lenger, Michalek, Baack, Mundt, Kanthak, Guckes, Sanfilippo, Haverkamp, Mahajan, Zimmer, Zimmermann, Radukic, Klages, Kalinowski and Müller. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fsysb-05-1603749-g005.jpg
9P

5P

ap

(]
o
Q
ol &
c
—
o o o o o o o
u m © © < N
[%] Aousioyye Bunipe swid

m
a
(&}
o
wn
-4
<
(3
o
Q
o
Q

n

T T T T T
[te] o 0 o . o
N 59 - -

[9%)] sl189 jJusosaion|4

30





OPS/images/fsysb-05-1603749-g006.jpg
v o

© ©
[%] 804 yum speau jo aleys

90

21

1

0G

1

neg





OPS/images/fsysb-05-1603749-g003.jpg
A

genomic CFTR
F508del

pPEAR_CFTR

pDas12124_PEAR-
GFP-preedited

————

CTT deletion

i Protospacer

PAM

Silent mutations

T|
TT
——

GGT deletion

eGFP Exon 1

PAM

Protospacer

TTA

'AAGTCCTAGACTGCGGGTTTGACATTCATTTTTTA
TTCAGGATCTGACGCCCAAACTGTAAGTAAAAAAT

neg pos 1P 2P 3P 4P 5P

6P 7P 8P

9P 10P 11P 12P

120 A

-

o

o
1

®
o
|

=]
=]
1

N
o
1

N
o
1

5¢ flanking splice 3¢ flanking
sequence donor site sequence
B C
Name Short| RTT | PBS | SE |Experimental
form context
pegRNA_PEAR_1 1P | 27 | 16 | No
pegRNA_PEAR_2 2P | 27 | 16 | Yes <
pegRNA_PEAR_3 3P | 27 No 2
pegRNA_PEAR_4 4P | 27 Yes g
pegRNA_PEAR_5 5P 16 | No 3
pegRNA_PEAR 6 6P 16 | Yes S
pegRNA_PEAR_7 7P No T
pegRNA_PEAR_8 8P Yes
pegRNA_PEAR_9 9P 16 | No
pegRNA_PEAR_10 10P 16 | Yes
pegRNA_PEAR_11 1P No
pegRNA_PEAR_12 12P Yes D
pegRNA_genomic CFTR_1 | 1G | 27 | 16 | No
pegRNA_genomic_CFTR_2 | 2G | 27 | 16 | Yes
pegRNA_genomic_CFTR_3 | 3G | 27 No S
pegRNA _genomic_ CFTR_4 | 4G | 27 Yes ?
pegRNA_genomic_CFTR 5 | 5G 16 | No g
pegRNA_genomic_CFTR_6 | 6G 16 | Yes >
pegRNA_genomic CFTR_7 | 7G No =
pegRNA_genomic_CFTR_8 | 8G Yes 2
pegRNA_genomic_CFTR_9 | 9G 16 | No &
pegRNA_genomic_CFTR_10| 10G 16 | Yes
pegRNA_genomic_CFTR_11| 11G No
pegRNA_genomic_CFTR_12| 12G Yes

Q

neg pos 1P 2P 3P 4P 5P 6P 7P 8P 9P 10P 11P 12P





OPS/images/fsysb-05-1603749-g004.jpg
15

Fluorescent cells [%)]

-4 without cargo
-m- RNA
-#- RNA=chitosal

>
——
2 Rl
& K=
12
& 2
S0 &
Qo (o)
C o
= 8 0
ko ES
Y s o
o

BOO0O0
-— e e e
2N IGN

S i\

Viability (%]

200 nm





OPS/xhtml/nav.xhtml
Table of Contents

		Cover

		Towards effective cystic fibrosis gene therapy by optimizing prime editing and pulmonary-targeted LNPs		1 INTRODUCTION

		2 MATERIALS AND METHODS		2.1 Cell culture

		2.2 Transfection

		2.3 Plasmid construction

		2.4 Design of pegRNA variants

		2.5 Genomic DNA extraction and CFTR specific sequencing

		2.6 RNA synthesis

		2.7 RNA chitosan complexation

		2.8 LNP formulation

		2.9 Physicochemical characterization of LNPs

		2.10 Cytotoxicity assay

		2.11 Calculation of prime editing efficiency

		2.12 Statistical analysis





		3 RESULTS		3.1 PegRNA architecture with 16 nt PBS, 33 nt RTT and no silent edits enhances prime editing efficiency with pPEAR_CFTR in CFBE-X

		3.2 LNP formulation enables transfection better than PEI and cargo-loaded LNPs show lower zeta potential and more uniform size distribution

		3.3 LNP-mediated delivery enhances transfection and prime editing efficiency in CFBE-X cells in vitro

		3.4 Prime editing with pegRNA variants designed to correct the F508del genomic CFTR, verified by nanopore sequencing





		4 DISCUSSION		4.1 Screening for optimal pegRNA variants in newly conceptualized reporter plasmid pPEAR-CFTR

		4.2 Characterization of lung specific LNP formulation with RNA-chitosan-complexation and plant-based cholesterol alternative

		4.3 Using optimized pegRNAs for efficient prime editing of both pPEAR_CFTR and the genomic CFTR locus, delivered via LNPs





		DATA AVAILABILITY STATEMENT

		ETHICS STATEMENT

		AUTHOR CONTRIBUTIONS

		FUNDING

		ACKNOWLEDGMENTS

		CONFLICT OF INTEREST

		GENERATIVE AI STATEMENT

		SUPPLEMENTARY MATERIAL

		ABBREVIATIONS

		REFERENCES









OPS/images/cover.jpg
’ frontiers | Frontiersin Systems Biology

Towards effective cystic fibrosis
gene therapy by optimizing
prime editing and pulmonary-
targeted LNPs





OPS/images/fsysb-05-1603749-g001.jpg
\(

A Healthy lung epithelium C

I~

AR
e
s ,J.'-’\()

A\

Sy
A%

SRS
N &

Y 4
> & f%;ﬁ") Z\ L

~ < V 8—;/&; 2V

b e (A,

} » ),

. . hJ)\ {J}
B CF lung epithelium N
& 8X
»\n {

Ses/ TS, 11,8, 8 el

D
Extracellular TMD1 TMD2
space

1| (2] 3] |4] |5] |6 7 9 10 11 12
CYREEER YRR
Cytoplasm e






OPS/images/fsysb-05-1603749-g002.jpg
Reverse
Transcriptase

Prime Editing Guide
RNA (pegRNA) "~ Cas Nickase (nCas)

D

New DNA Strand
with Edit

Single-Strand

/ Break
3

Spacer

3 5
5 3¢
3 5
5" 3
LU
ALLLLLEDO LR OO LR LR









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers | Frontiers in Systems Biology





