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Introduction—Inhaled gene therapy of muco-obstructive lung diseases requires a strategy 

to achieve therapeutically relevant gene transfer to airway epithelium covered by particularly 

dehydrated and condensed mucus gel layer. Here, we introduce a synthetic DNA-loaded mucus-

penetrating particle (DNA-MPP) capable of providing safe, widespread and robust transgene 

expression in in vivo and in vitro models of muco-obstructive lung diseases.

Methods—We investigated the ability of DNA-MPP to mediate reporter and/or therapeutic 

transgene expression in lung airways of a transgenic mouse model of muco-obstructive lung 

diseases (ie, Scnn1b-Tg) and in air–liguid interface cultures of primary human bronchial epithelial 

cells harvested from an individual with cystic fibrosis. A plasmid designed to silence epithelial 

sodium channel (ENaC) hyperactivity, which causes airway surface dehydration and mucus stasis, 

was intratracheally administered via DNA-MPP to evaluate therapeutic effects in vivo with or 

without pretreatment with hypertonic saline, a clinically used mucus-rehydrating agent.

Results—DNA-MPP exhibited marked greater reporter transgene expression compared with a 

mucus-impermeable formulation in in vivo and in vitro models of muco-obstructive lung diseases. 

DNA-MPP carrying ENaC-silencing plasmids provided efficient downregulation of ENaC and 

reduction of mucus burden in the lungs of Scnn1b-Tg mice, and synergistic impacts on both 

gene transfer efficacy and therapeutic effects were achieved when DNA-MPP was adjuvanted with 

hypertonic saline.

Discussion—DNA-MPP constitutes one of the rare gene delivery systems providing 

therapeutically meaningful gene transfer efficacy in highly relevant in vivo and in vitro models of 

muco-obstructive lung diseases due to its unique ability to efficiently penetrate airway mucus.

INTRODUCTION

Current therapeutic regimens for muco-obstructive lung diseases, including cystic fibrosis 

(CF) and chronic obstructive pulmonary disease (COPD), remain largely symptomatic 

except for a few small molecule-based drugs applicable to genetically defined 

subpopulations of CF patients. Revelation of numerous genetic targets has dubbed gene 

therapy as a potential breakthrough to revert natural histories of these notoriously refractory 

diseases.1 However, clinical trials of inhaled gene therapy to date have failed to demonstrate 

meaningful benefits largely due to inability to achieve therapeutically relevant gene transfer 

efficacy in the lung airways.1 2 In particular, inhaled foreign matters, including gene vectors, 

are readily trapped by protective mucus gel layer covering the airway epithelium and 

subsequently removed from the lung via mucociliary clearance (MCC) or expectoration 

prior to reaching the underlying cells.1 3–7 Of note, we and others have confirmed that 

leading virus-based8 9 and synthetic10–12 gene vectors, including those that have been tested 

in clinics, cannot efficiently penetrate human pathological airway mucus (ie, CF sputum).

This reality has led to efforts to understand and overcome the challenging barrier posed 

by airway mucus. Indeed, we found that the airway mucus is a ‘sticky net’, which traps 

particulate matters via adhesive interactions and steric obstruction.1 3 6 13 Based on these 

findings, we engineered nanoparticles possessing small diameters, non-adhesive surfaces 

and physiological stability, which could rapidly penetrate through airway mucus.4 10 12–18 

Specifically, we formulated DNA-loaded mucus-penetrating particles (DNA-MPP) using a 
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blend of cationic polymers and polyethylene glycol (PEG) conjugated cationic polymers 

and confirmed their ability to efficiently penetrate unperturbed sputum samples collected 

from patients with CF.10 12 19 We also showed that inhalation of DNA-MPP provided 

widespread airway distribution, prolonged lung retention and/or highly efficient reporter 

transgene expression in the lungs of healthy inbred mice.10 12

As a next step towards development of DNA-MPP, we sought to extend proof-of-principle 

studies and establish clinical relevance in an animal model characterised by obstructive 

airway diseases with mucus stasis. To this end, we evaluated DNA-MPP delivery and 

efficacy on mice with airway-targeted overexpression of the epithelial sodium channel 

(ENaC) β subunit (encoded by the Scnn1b gene), one of the few rodent models that 

recapitulate key features of muco-obstructive lung diseases.1 20 Similar to the affected 

patients,21 Scnn1b-Tg mice exhibit airway sodium hyperabsorption and surface dehydration, 

which impairs the MCC, promoting mucus plugging and chronic inflammation.20 22 We 

also tested whether administration of hypertonic saline, a widely used treatment to acutely 

promote airway mucus clearance by rehydrating the airway surface, would further increase 

gene transfer efficacy of DNA-MPP in Scnn1b-Tg mice. Finally, we tested the hypothesis 

that downregulation of ENaC via inhaled DNA-MPP carrying plasmids encoding short 

hairpin RNA (shRNA) against ENaC would ameliorate the pathology associated with ENaC 

overexpression in the lungs of Scnn1b-Tg mice.

RESULTS

We engineered a DNA-MPP platform for inhaled gene therapy of muco-obstructive lung 

diseases, using a method that we had previously established.10 Specifically, a mixture of 

poly(β-amino ester) (PBAE) and PEG-conjugated PBAE polymers at an optimised ratio 

was used to compact plasmids encoding various reporter or therapeutic nucleic acids, 

including luciferase (~5 kb), green fluorescent protein (GFP ~4.5 kb) or shRNA against 

ENaC (shENaC, ~6.5 kb). In parallel, we formulated mucus-impermeable DNA-loaded 

conventional particles (DNA-CP) using PBAE polymers only. We first confirmed that 

all the DNA-MPP formulations exhibited mucus-penetrating properties, including small 

particle diameters (~50 nm) and near neutral surface charges regardless of the type/

size of plasmid payloads (online supplemental table 1; data represent physicochemical 

properties of DNA-loaded nanoparticles carrying luciferase-encoding, GFP-encoding and 

shENaC-encoding plasmids).10 In comparison, DNA-CP possessed larger particle sizes 

(> 100 nm in diameters) and highly cationic surfaces (ζ-potentials of ~30 mV) (online 

supplemental table 1). We also confirmed that spraying DNA-CP or DNA-MPP through 

an aerosol-generating microsprayer does not affect their physicochemical properties (online 

supplemental table 2). We then conducted gel electrophoretic retardation assay where we 

found that all three plasmids were stably packaged into DNA-MPP, as evidenced by their 

complete retention within the wells of the gel (figure 1A). Moreover, DNA-MPP were 

capable of protecting plasmid payloads from enzymatic degradation by DNase, while free 

plasmids were completely degraded (figure 1B). We next confirmed that DNA-MPP retained 

their small particle diameters (~50 nm) in bronchoalveolar lavage (BAL) fluid at 37°C at 

least up to 4 hours (figure 1C), indicating excellent colloidal stability in a physiologically 

relevant lung environment. In contrast, DNA-CP immediately aggregated as soon as the 
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incubation commenced, reaching microns of sizes within an hour (figure 1C). Although we 

have previously demonstrated the ability of DNA-MPP to resist adsorption of lung-derived 

protein to the particle surface,10 we have not determined binding of mucin to the surface 

of DNA-MPP. We thus conducted surface plasmon resonance binding assay using a custom-

made porcine gastric mucin-immobilised chip to confirm whether DNA-MPP due to the 

non-adhesive PEG coating, precluded adhesive interactions with mucin. While DNA-CP 

readily adhered to the mucin chip over time, adhesive interactions between DNA-MPP and 

the chip were negligible over the identical time period (figure 1D).

We next investigated in vivo behaviours of DNA-MPP in comparison to DNA-CP in 

the lungs of a transgenic mouse model that recapitulates the phenotypic hallmarks of 

muco-obstructive lung diseases, including mucus plugging and chronic inflammation (ie, 

Scnn1b-Tg).20 We first compared lung distribution of Cy3-labelled DNA-CP and DNA-

MPP following a single intratracheal administration via a microsprayer. One hour after 

administration, a portion of both formulations was found entrapped within the intraluminal 

mucus plugs present in the proximal airways of Scnn1b-Tg mice (figure 2A–C). However, 

while DNA-CP were sparsely distributed or rarely observed along the airway epithelium 

(figure 2B), DNA-MPP exhibited widespread and uniform distribution throughout the 

airways and alveolar regions (figure 2C). We next investigated whether the distribution of 

transgene expression paralleled the observed particle distribution. To this end, Scnn1b-Tg 

mice were treated with a single dose of DNA-CP or DNA-MPP carrying GFP-encoding 

plasmids and assessed the transgene expression at 48 hours post-administration via confocal 

microscopy of lung tissue sections (figure 2D–F). Congruent with the particle distribution 

profile, GFP transgene expression was sporadically distributed in the lungs of mice treated 

with DNA-CP (figure 2E), whereas DNA-MPP provided widespread transgene expression 

throughout the lung epithelium (figure 2F), even in an entire lobe in several cases (online 

supplemental figure 1). Of note, no fluorescence was observed in untreated lungs (figure 

2A,D). Image-based quantification revealed that the airway coverages of GFP transgene 

expression mediated by DNA-CP and DNA-MPP were ~5% and ~35% (ie, % GFP positive 

over total epithelial surface), respectively (figure 2G). Likewise, DNA-MPP exhibited 

approximately eightfold greater coverage of transgene expression compared with DNA-CP 

in the alveolar region (figure 2H).

We subsequently investigated whether the widespread gene transfer enabled by DNA-MPP 

resulted in high-level overall transgene expression. Specifically, DNA-CP or DNA-MPP 

carrying luciferase-encoding plasmids (at 0.5 mg/mL plasmids in 50 μL) were administered 

intratracheally to the lungs of Scnn1b-Tg mice, and the lung tissues were harvested for 

homogenate-based luciferase assay 7 days after the administration. We found that DNA-

MPP delivery resulted in about an order of magnitude greater luciferase activity compared 

with the level achieved by DNA-CP (figure 3A). We then conducted a dose escalation 

study where single incrementing doses of DNA-MPP carrying luciferase-encoding plasmids 

(ie, 0.125 mg/mL to 2 mg/mL plasmids in 50 μL) provided dose-dependent increase in 

the luciferase activity (figure 3B). While the 1 mg/mL plasmid concentration provided 

significantly greater overall transgene expression (ie, luciferase activity) compared with its 

half dose (ie, 0.5 mg/mL) (figure 3B), we elected to conduct further studies with the latter 

due to the in vivo safety profile we established in healthy mice in our prior study.10 We next 
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evaluated the effect of repeated administration of DNA-MPP and discovered that two doses 

given at a 1-week interval resulted in statistically significant amplification of the overall 

transgene expression level (figure 3C). Next, we tested whether DNA-MPP demonstrated 

an acceptable safety profile in relevant disease conditions, such as in readily inflamed 

lungs of patients with muco-obstructive lung diseases. Specifically, total cell counts were 

quantified in BAL fluid harvested from Scnn1b-Tg mice after the DNA-MPP administration. 

Consistent with a prior observation,20 the total cell count was markedly greater in the lungs 

of Scnn1b-Tg mice compared with the lungs of littermate wild-type control mice (figure 

3D). However, a single or two consecutive dose(s) of DNA-MPP did not exacerbate the 

chronic inflammation in the lungs of Scnn1b-Tg mice, as evidenced by the virtually identical 

total cell counts (figure 3D). In addition, H&E staining of lung tissues from different 

treatment groups further indicated the in vivo safety of DNA-MPP in the inflamed lungs 

(figure 3E–H).

We next investigated whether DNA-MPP were capable of delivering therapeutic plasmids 

and ameliorate pathological phenotypes in the lungs of Scnn1b-Tg mice. Specifically, we 

treated mice with DNA-MPP carrying plasmids encoding shRNA against α subunit of 

ENaC (shENaC-MPP), after confirming the ability of the plasmid to downregulate ENaC 

in vitro (online supplemental figure 2). While the diseased phenotypes observed in the 

lungs of the Scnn1b-Tg mice are driven by overexpression of β subunit of ENaC,20 we 

opted to target the α subunit due to its essential role on ENaC physiology.23–25 We also 

note that the α subunit is currently serving as a primary clinical target for ENaC-based 

CF therapy.26 27 Western blot analysis revealed that a single dose of shENaC-MPP was 

capable of mediating significant downregulation of both glycosylated and non-glycosylated 

forms of ENaC (figures 3 and 4A,B). As expected from the earlier reporter multidose 

study (figure 3C), we also confirmed that two consecutive doses of shENaC-MPP further 

reduced ENaC expression (online supplemental figure 4). Quantitatively, a single and two 

dose(s) resulted in 30% and 60% ENaC downregulation, respectively, compared with the 

vehicle-treated control mice (figure 4C). We hypothesised that the shENaC-MPP-mediated 

ENaC downregulation would reduce the amount of mucus plugs in the lung airways 

of Scnn1b-Tg mice via restoring the MCC. We thus went on to collect and assess the 

amount of mucus plugs in BAL fluid harvested from each mouse, but the quantity was 

immeasurable by a conventional laboratory analytical balance. Alternatively, we quantified 

the major component in the mucus plugs, mucin, and found that approximately 45% or 

60% reduction of mucin content compared with the vehicle-treated control was observed 

when shENaC-MPP were administered once or twice, respectively (figure 4D). In parallel, 

we conducted a control experiment in which we confirmed that the mucin concentration in 

the lungs of Scnn1b-Tg mice remained unchanged when mice received DNA-MPP carrying 

GFP-encoding plasmids instead of shENaC-MPP (online supplemental figure 5).

Hypertonic saline (HS; 7% NaCl) is routinely used clinically to improve pulmonary 

function in patients with CF by facilitating mucus clearance.28 We thus hypothesised that 

pretreatments with HS would improve gene transfer efficacy of inhaled DNA-MPP by 

mitigating the mucus burden, improving their access to the airway epithelium. Consistent 

with a prior observation,29 1-week regimen of intranasal HS (three times a day; 1 μL/g 

of body weight) was highly efficient in removing mucus plugs in the lungs of Scnn1b-Tg 
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mice (figure 4E,F). We then established that the HS pretreatments further enhanced DNA-

MPP-mediated transgene expression (ie, luciferase activity) by over an order of magnitude 

(figure 4G). Encouraged by this result, we investigated the combined therapeutic effects of 

HS pretreatments followed by a single dose of shENaC-MPP on key pathology in the lungs 

of Scnn1b-Tg mice, including muco-obstruction and inflammation. A modest reduction in 

the mucin concentration was observed in the lungs of Scnn1b-Tg mice received a single 

dose of shENaC-MPP However, 1-week regimen of intranasal HS was more effective in 

alleviating the mucus burden, whereas subsequent treatment with shENaC-MPP did not lead 

to further reduction in the mucin concentration (figure 4H). We note that unlike the earlier 

study (figure 4D), we quantified the mucin concentration in the whole BAL fluid rather 

than in mucus plugs, which are cleared in the lungs of HS-treated mice. Interestingly, the 

total cell count in BAL fluid was significantly reduced in the lungs of mice that received 

sequential HS pretreatments and shENaC-MPP whereas either treatment alone failed to do 

so (figure 4I).

To evaluate the relevance of DNA-MPP delivery to human airway epithelial cells in the 

context of muco-obstructive lung disease, we next established air–liquid interface (ALI) 

cultures with primary CF human bronchial epithelial (CF HBE) cells harvested from an 

F508del homozygous patient with CF. After a confluent and tight monolayer and mucus 

secretion were established,30 31 we treated the ALI cultures apically with either DNA-CP 

or DNA-MPP carrying GFP-encoding plasmids. Of note, each well received a very small 

volume (0.1 mg/mL plasmids in 8 μL) to minimise dilution of the apical mucus gel layer.30 

Confocal microscopy revealed that while the transgene expression mediated by DNA-CP 

was negligible (figure 5A), relatively widespread GFP signal was observed in epithelial 

monolayers that received DNA-MPP (figure 5B). Quantitatively, DNA-MPP provided a 

greater level (ie, GFP intensity; figure 5C) and coverage (figure 5D) of transgene expression 

compared with DNA-CP.

MATERIALS AND METHODS

Please refer to the online supplemental material 1

DISCUSSION

We here demonstrate that a synthetic gene delivery platform uniquely designed to efficiently 

penetrate the airway mucus gel layer (ie, DNA-MPP) provides widespread reporter 

transgene expression throughout the lungs of a mouse model of muco-obstructive lung 

diseases (ie, Scnn1b-Tg). Our image-based analysis revealed that DNA-MPP provided at 

least 30% airway coverage of transgene expression on average in the lungs of Scnn1b-Tg 

mice and ALI cultures of primary human CF bronchial epithelium. In contrast, an otherwise 

identical mucus-impermeable formulation (ie, DNA-CP) exhibited less than 10% coverage 

in these highly relevant CF airway models. Encouragingly, it has been demonstrated using 

an in vitro model of human primary CF ciliated airway epithelium that functional CF 

transmembrane conductance regulator protein production in 25% of cells restore normal 

mucus transport rates.32 We acknowledge that a next step in the line of this study would be 
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confirmation of the findings using a more quantitative method, such as flow cytometry, and 

ultimately demonstration of bioactivity of the transgene.

Although the widespread coverage mediated by DNA-MPP resulted in a high-level 

transgene expression in the lungs of Scnn1b-Tg mice, the levels of expression were still an 

order of magnitude lower compared with an adeno-associated virus (AAV) serotype that we 

previously confirmed for efficient mucus penetration (ie, AAV6).30 However, we found in 

this study that two doses of DNA-MPP markedly enhanced the level of transgene expression 

compared with a single administration, underscoring that our formulation did not elicit 

therapy-inactivating immunogenicity inevitably observed with virus-based gene vectors.33 

To this end, DNA-MPP may provide transgene expression levels on par or greater than 

mucus-penetrating viral vectors by virtue of multiple dosing regimens. We have previously 

shown the DNA-MPP does not trigger acute inflammatory responses in the lungs of healthy 

mice,10 but it is critical to retain this safety profile in diseased lungs. We thus demonstrate 

here that DNA-MPP does not exacerbate the chronic inflammation already present in the 

muco-obstructed lungs of Scnn1b-Tg mice.20 34 This finding suggests that DNA-MPP would 

be safe even in the immunologically perturbed environment inherent to muco-obstructive 

lung diseases.

We discovered that a single dose of shENaC-MPP markedly reduced the level of ENaC 

protein production in the lungs of Scnn1b-Tg mice. This effect was dose dependent 

and further pronounced on repeated administration. Importantly, the mucus burden was 

significantly reduced by the shENaC-MPP-mediated downregulation of ENaC, presumably 

due to airway rehydration followed by partial restoration of MCC. In support of the 

scenario, it has been recently reported that three times daily intranasal administration of 

ENaC-inhibitory peptides significantly increases the airway surface liquid (ASL) height 

(ie, airway rehydration) in the airways of neonatal Scnn1b-Tg mice.35 Likewise, ENaC 

antagonists have been shown to restore and/or increase the ASL height in ALI cultures of 

human CF bronchial epithelial cells.35 36 Of note, Zhou et al37 demonstrated that a small 

molecule-based ENaC inhibitor, amiloride, given at an identical dosing schedule applied 

to the aforementioned peptides prevented mucus obstruction in the airways of neonatal 

Scnn1b-Tg mice, but therapeutic reversion was not achieved with adult mice. Remarkably, 

we demonstrate here a moderate but significant mitigation of mucus plugging in the lungs 

of Scnn1b-Tg mice treated with shENaC-MPP at an age of 4 weeks when muco-obstructive 

phenotype is fully established.20 34 This demonstrates the potential advantage of genetic 

knockdown of ENaC, as opposed to small molecules or other therapies that may not 

completely engage the target.

We report that pre-treatment with HS markedly increases the overall level of transgene 

expression mediated by subsequent administration of DNA-MPP. Of note, an appreciable 

amount of DNA-MPP despite the excellent mucus-penetrating ability,10 was found within 

the mucus plugs in the airways of Scnn1b-Tg mice that did not receive the pretreatment. 

Thus, the further enhancement of transgene expression is most likely attributed to the 

significant reduction of the particle-trapping mucus plugs via the pretreatment as evidenced 

by our histological analysis and a prior report.29 We found that the airway-rehydrating HS 

alone failed to ameliorate chronic inflammation inherent to the model, in agreement with 
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prior observations with both Scnn1b-Tg mice29 and patients with CF.28 Furthermore, even 

a remarkable ENaC downregulation achieved by shENaC-MPP was insufficient to alter the 

inflammatory profile, likely due to the proinflammatory effect of resident mucus plugs, as 

recently demonstrated in ferrets with sterile mucus obstruction.38 However, a combinatory 

regimen of HS and shENaC-MPP roughly halved the inflammatory burden in the lungs 

of Scnn1b-Tg mice. The findings here suggest that a threshold of ENaC downregulation 

required for airway rehydration relevant to intervening the chronic inflammation may exist 

at least in this model. Of note, a synergistic effect of HS and ENaC inhibition on airway 

rehydration, but not chronic inflammation, has been previously reported using a preclinical 

model.39

It has been previously reported that relative airway epithelial gene transfer efficacies of 

different gene vectors vary with species.40 Thus, despite the relevance and value of advanced 

animal models, clinical development of lung gene therapy mandates validation of gene 

delivery strategies using human primary airway cells from patients with muco-obstructive 

lung diseases. Specifically, ALI cultures recapitulate several key delivery barriers found in 

lung airways in vivo,1 but have been extremely difficult to transfect particularly when it 

comes to non-viral gene delivery systems. Encouragingly, a few lipid-based gene vectors 

have recently demonstrated abilities to mediate meaningful therapeutic transgene expression 

or gene silencing in ALI cultures established with CF HBE cells.41 42 However, these 

studies used patient-derived immortalised cell lines (eg, 16HBE14o-) that generally do not 

differentiate fully, or impact of the physiological mucus barrier was not factored in. While 

virus-based gene vectors have been more widely tested in ALI cultures of primary CF HBE 

cells, a majority of studies involve the use of large volumes that essentially dilute and 

alter the apically established mucus gel layer.43–47 Here, we report that a small volume of 

apically administered DNA-MPP is capable of mediating widespread transgene expression 

in mucus-covered ALI cultures of CF HBE cells directly harvested from a patient with CF, 

in agreement with our in vivo observation in the lungs of Scnn1b-Tg mice.
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Key messages

What is the key question?

• Can we demonstrate an effective inhaled gene therapy modality in preclinical 

models that closely recapitulate the hallmarks of muco-obstructive lung 

diseases?

What is the bottom line?

• DNA-loaded mucus-penetrating particle is capable of efficiently penetrating 

pathological airway mucus barrier, thereby providing highly efficient gene 

transfer efficacy and therapeutic potentials in highly relevant models of muco-

obstructive lung diseases.

Why read on?

• Clinical implementation of inhaled gene therapy of muco-obstructive lung 

diseases is yet to be achieved largely due to inability to breach the 

pathological mucus gel layer covering the lung airways. We here demonstrate 

that efficient mucus penetration is critical to achieving widespread and robust 

gene transfer to mucus-laden airway epithelium and providing therapeutic 

benefits in a preclinical model of muco-obstructive lung diseases.
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Figure 1. 
In vitro characterisation of DNA-loaded nanoparticles. Electrophoretic analysis of (A) 

complexation and (B) protection (against enzymatic degradation by DNase) of plasmid 

payloads. For the protection assay, plasmids were de-compacted from DNA-MPP via 

heparin prior to gel electrophoresis. Lane 1: GFP-encoding plasmid. Lane 2: luciferase-

encoding plasmid. Lane 3: shENaC-encoding plasmid. Lane 4: MPP carrying GFP-encoding 

plasmid. Lane 5: MPP carrying luciferase-expressing plasmid. Lane 6: MPP carrying 

shENaC-encoding plasmid. (C) Colloidal stability of DNA-CP and DNA-MPP in BAL fluid 

(ie, change in hydrodynamic diameter) over time at 37°C (n=3, mean±SD). ***p<0.001 

(Student’s t-test). (D) Binding of DNA-CP and DNA-MPP to porcine gastric mucus 

assessed by surface plasmon resonance (n=3, mean±SD). The arrow indicates the timing of 

nanoparticle injection. ***p<0.001 (Student’s t-test). DNA-CP, DNA-loaded conventional 

particles; DNA-MPP, DNA-loaded mucus-penetrating particles; GFP, green fluorescent 

protein; shENaC, short hairpin RNA against ENaC.
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Figure 2. 
In vivo particle distribution and transgene expression in the lungs of Scnn1b-Tg mice 

following a single intratracheal administration of DNA-loaded nanoparticles. Representative 

confocal images demonstrating particle distribution in (A) untreated lung and lungs treated 

with (B) DNA-CP or (C) DNA-MPP. Red: DNA-CP or DNA-MPP. Blue: cell nuclei 

(DAPI). White arrows: mucus plugs. Representative confocal images demonstrating reporter 

transgene expression in (D) untreated lung and lungs treated with (E) DNA-CP or (F) DNA-

MPP. Green: GFP transgene expression. Blue: cell nuclei. Aw: airway. Scale bars: 100 μm. 
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Quantification of transgene expression coverage in (G) airways and (H) alveolar regions. 

Data represent mean±SD (n=8 for DNA-CP, n=12 for DNA-MPP). ****p<0.0001 (Student’s 

t-test). DAPI, 4′,6-diamidino-2-phenylindole; DNA-CP, DNA-loaded conventional particles; 

DNA-MPP, DNA-loaded mucus-penetrating particles; GFP, green fluorescent protein.
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Figure 3. 
Overall level of in vivo transgene expression in the lungs of Scnn1b-Tg mice following 

intratracheal administration of DNA-loaded nanoparticles. (A) Comparison of transgene 

expression mediated by DNA-CP and DNA-MPP following a single administration (n=6, 

mean±SD). *p<0.05, **p<0.01 (one-way ANOVA). (B) Transgene expression mediated 

by incrementing doses of DNA-MPP (n=4–5, mean±SD). *p<0.05, ***p<0.001 (one-way 

ANOVA). (C) Transgene expression mediated by repeated doses of DNA-MPP (n=4–5, 

mean±SD). *p<0.05 (Student’s t-test). (D) Total number of cells in BAL fluid following a 

single and repeated treatment(s) with DNA-MPP (n=4, mean±SD). The differences are not 

statistically significant as indicated (one-way ANOVA). Histological H&E staining of lungs 

of (E) untreated WT littermate mice, (F) untreated Scnn1b-Tg mice and Scnn1b-Tg mice 

received (G) a single dose or (H) two doses of DNA-MPP. Scale bar: 200 μm. ANOVA, 

analysis of variance; BAL, bronchoalveolar lavage; DNA-CP, DNA-loaded conventional 
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particles; DNA-MPP, DNA-loaded mucus-penetrating particles; RLU, relative light unit; Tg, 

transgenic; WT, wild type.
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Figure 4. 
Clinically relevant effectiveness of DNA-MPP carrying shENaC-encoding plasmids 

(shENaC-MPP) in the lungs of Scnn1b-Tg mice. Western blot (A) imaging and (B) 

quantitative analysis demonstrating downregulation of ENaC in the lungs of Scnn1b-Tg 

mice by a single intratracheal dose of shENaC-MPP (n=4, mean±SD). G: glycosylated. NG: 

non-glycosylated. *p<0.05 (one-way ANOVA). (C) Further downregulation of ENaC after 

repeated doses of shENaC-MPP (n=4–5, mean±SD). *p<0.05, **p<0.01, ****p<0.0001 

(one-way ANOVA). (D) Relative total mucin concentration in BAL fluids collected from 
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untreated Scnn1b-Tg mice vs Scnn1b-Tg mice received a single or two dose(s) of shENaC-

MPP (n=4, mean±SD). **p<0.01, ***p<0.001 (one-way ANOVA). Ab-PAS staining of 

Scnn1b-Tg mouse lungs treated with (E) vehicle (ie, ultrapure water) or (F) 7% HS. Scale 

bar, 500 μm. (G) Enhancement of DNA-MPP-mediated overall transgene expression in 

the lungs of Scnn1b-Tg mice received 7% HS pretreatment (1 μL/g body weight, 3 times/

day, 7 days) (n=5–6, mean±SD). Inset shows treatment regimen (black arrows: 7% HS 

pretreatment; red arrow: DNA-MPP administration). *p<0.05 (Student’s t-test). (H) Relative 

total mucin concentration and (I) total number of cells in BAL fluids collected from Scnn1b-

Tg mice received single dose of shENaC-MPP, 7% HS, or sequential treatments of 7% HS 

and shENaC-MPP in comparison to untreated Scnn1b-Tg mouse control (n=4, mean±SD). 

*p<0.05, **p<0.01, ***p<0.001 (one-way ANOVA). Ab-PAS, Alcian blue/Periodic acid-

Schiff; ANOVA, analysis of variance; BAL, bronchoalveolar lavage; DNA-MPP, DNA-

loaded mucus-penetrating particles; ENaC, epithelial sodium channel; G, glycosylated; HS, 

hypertonic saline; NG, non-glycosylated; RLU, relative light unit; shENaC, short hairpin 

RNA (shRNA) against ENaC would; Tg, transgenic.
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Figure 5. 
In vitro transgene expression in ALI cultures of primary CF HBE cells. Representative 

confocal images of GFP transgene expression mediated by (A) DNA-CP or (B) DNA-

MPP. Scale bar: 100 μm. Image-based quantification of (C) level and (D) coverage 

of GFP transgene expression mediated by DNA-CP vs DNA-MPP (n=4, mean±SD). 

*p<0.05 (Student’s t-test). ALI, air-liquid interface; CF, cystic fibrosis; DAPI, 4′,6-

diamidino-2-phenylindole; DNA-CP, DNA-loaded conventional particles; DNA-MPP, DNA-
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loaded mucus-penetrating particle; GFP, green fluorescent protein; HBE, human bronchial 

epithelial.
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