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Abstract

Background: Mucus stasis, a hallmark of muco-obstructive disease, results from impaired 

mucociliary transport and leads to lung function decline and chronic infection. Although 

therapeutics that target mucus stasis in the airway, such as hypertonic saline or rhDNAse, show 

some therapeutic benefit, they do not address the underlying electrostatic defect apparent in 

mucins in CF and related conditions. We have previously shown poly (acetyl, arginyl) glucosamine 

(PAAG, developed as SNSP113), a soluble, cationic polymer, significantly improves mucociliary 

transport in a rat model of CF by normalizing the charge defects of CF mucin. Here, we report 

efficacy in the CFTR-sufficient, ENaC hyperactive, Scnn1b-Tg mouse model that develops airway 

muco-obstruction due to sodium hyperabsorption and airway dehydration.

Methods: Scnn1b-Tg mice were treated with either 250 μg/mL SNSP113 or vehicle control 

(1.38% glycerol in PBS) via nebulization once daily for 7 days and then euthanized for analysis. 

Micro-Optical Coherence Tomography-based evaluation of excised mouse trachea was used to 
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determine the effect on the functional microanatomy. Tissue analysis was performed by routine 

histopathology.

Results: Nebulized treatment of SNSP113 significantly improved mucociliary transport in 

the airways of Scnn1b-Tg mice, without altering the airway surface or periciliary liquid 

layer. In addition, SNSP113 significantly reversed epithelial hypertrophy and goblet cell 

metaplasia. Finally, SNSP113 significantly ameliorated eosinophilic crystalline pneumonia and 

lung consolidation in addition to inflammatory macrophage influx in this model.

Conclusion: Overall, this study extends the efficacy of SNSP113 as a potential therapeutic to 

alleviate mucus stasis in muco-obstructive diseases in CF and potentially in related conditions.
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1. Introduction

Muco-obstructive diseases such as cystic fibrosis (CF), chronic obstructive pulmonary 

disease (COPD), asthma, and non-CF bronchiectasis are characterized by mucus obstruction 

which promotes infection, inflammation, and lung damage. Mucus obstruction often results 

from impaired mucociliary clearance (MCC), promoted by defects in ion and fluid transport, 

mucus hypersecretion, and/or aberrant properties of mucins, the primary constituent of 

mucus (1, 2).

Mucins are large polymeric glycoproteins with extensive sialylation and sulfation, imparting 

them with a strong negative charge (3–5). MUC5B and MUC5AC, the principal gel-forming 

mucins, form the gel layer of mucus that facilitates airway clearance by mucociliary 

transport (2, 4, 5). The negative charges on these gel forming mucins play important roles 

in mucin maturation and transport in coordination with its electrostatic microenvironment. 

During mucin biogenesis, calcium (Ca2+) shields the negative charges on mucins and 

stabilizes them in globular form (6, 7). Upon secretion into a bicarbonate- and sodium 

(Na+)-rich environment, Ca2+ is sequestered and substituted with monovalent Na+ ions (8–

10). This, in addition to adequate airway hydration, facilitates the hydration and expansion 

of mucin required for healthy mucus transport (1, 4, 6, 11). In muco-obstructive diseases, 

ion-fluid transport and/or the intrinsic electrostatic properties of mucin are defective, leading 

to aberrant mucin biogenesis and maturation. This leads to hyperviscous and aberrantly 

adhesive airway mucus, ultimately causing chronic infection, inflammation, and lung 

damage (1, 12–14). Currently, no mucolytics correct the intrinsic electrostatic defects of 

mucin that lead to mucus stasis, providing a need for the development of a mucin-correcting 

therapeutic (2, 15).

We have previously shown that a polycationic polymer, SNSP113 (poly (acetyl, arginyl) 

glucosamine, PAAG), normalizes the structure of mucin from CF sputum and significantly 

improves mucociliary transport in CFTR−/− rats and ferrets (16), models of mucus stasis 

characterized by deficient airway bicarbonate (17, 18). Evidence suggests that SNSP113 

normalizes CF mucin by interacting with its negative charges and displacing Ca2+, 
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facilitating the exchange of Ca2+ for Na+ and ultimately compensating for the lack of 

bicarbonate (16, 19). Here, we evaluated this mucolytic in a Scnn1b transgenic (Tg) mouse 

model that overexpresses the β subunit of the epithelial Na+ channel βENaC), exhibiting 

impaired mucus clearance resulting from airway dehydration driven by Na+ deficiency, 

rather than bicarbonate deficiency altering pH. In Scnn1b-Tg mice, mucus stasis occurs 

through Na+ hyperabsorption due to overexpression of the ENaC β subunit rather than to 

mutant or knockout CFTR (20, 21). We hypothesized that 1) the electrostatic properties 

of SNSP113 would correct mucus transport and ameliorate lung pathology in a bicarbonate-

sufficient, Na+− and fluid-deficient Scnn1b-Tg mouse model of lung disease; 2) even under 

sufficient bicarbonate conditions, such as in the Scnn1b-Tg mouse, Na+ deficiency would 

be adequate to prevent sufficient Ca2+/ Na+ exchange, preventing mucin hydration and 

expansion; and 3) SNSP113 would aid in this exchange, as it did in the CFTR-deficient 

models, ultimately improving Scnn1b-Tg mucus stasis and lung pathology. We show that 

SNSP113 improves mucus transport and lung pathology in a model with functional CFTR 

but severe airway dehydration.

2. Methods

2.1. μOCT Imaging

Measurements of the functional microanatomy of freshly excised mice tracheas were 

performed using micro-optical coherence tomography (μOCT), a high-speed, high-

resolution microscopic reflectance imaging modality, as previously described (22). For 

consistency, tracheas were placed in the same proximal-to-distal orientation and the imaging 

beam was placed at six standardized locations along the ventral surface of each trachea. 

Ciliary beat frequency (CBF) was investigated by Fourier analysis of the reflectance due to 

beating cilia using MATLAB (23).

2.2. Bronchoalveolar Lavage

Mice were euthanized via isoflurane inhalation followed by exsanguination per IRB 

protocol. Two milliliters of PBS were pushed into lungs via 2 separate 1mL syringes and 

collected in 1mL increments. Bronchoalveolar lavage fluid (BALF) collections were pooled 

and spun at 210 relative centrifugal force (x g) for 5 minutes. The supernatant was discarded, 

and cells were resuspended into 1mL PBS. 200uL of cell suspension was added to a cytospin 

column and spun at 500g for 5 minutes. After drying, slides were stained with Diff-Quick kit 

(Siemens Medical Solutions, Inc, Malvern, PA). Total white blood cells, macrophages, and 

neutrophils were counted manually.

2.3. Histopathology

Tracheas and lungs were immersion fixed in 10% neutral buffered formalin and submitted 

to histology laboratory for tissue processing, paraffin embedding, and sectioning. Tissue 

sections were stained with hematoxylin and eosin (H&E) or alcian blue-periodic acid 

Schiff’s (AB-PAS). Images were taken at 100X-400X magnification with an Olympus 

DP25 camera (Tokyo, Japan) using an Olympus BX40 microscope. Quantifications of 

epithelial height and goblet cells were performed using the entire mucosal area of the 

bronchi for each animal. Trachea and bronchioles were not included in these analyses. 
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Epithelial height was measured in multiple regions within the cross sections of the bronchi 

for each animal using ImageJ (NIH) software. Goblet cells were identified by their dark 

blue mucin staining by AB-PAS and quantified by counting the number of goblet cells over 

a given length of multiple bronchi cross sections for each animal. The hilar region of the 

airway was not specifically evaluated. The occurrence of eosinophilic crystalline pneumonia 

(ECP) was determined by the presence of eosinophilic crystals and macrophages. Percent 

ECP lung consolidation was quantified by measuring the area of consolidation with the 

presence of ECP over the whole lung area. Lungs from lavaged and non-lavaged mice were 

included in histopathology analysis, noting they were equally represented between treatment 

groups. Whole lobe scans were performed at 40X magnification using a Biotek Lionheart 

FX Automated microscope (Agilent, CA). Histologic and morphometric evaluation was 

performed by a board-certified surgical pathologist (L.N.).

2.4. Myeloperoxidase Quantification

Whole lobes were added to 500uL PBS and homogenized using Tissuelyser II (Qiagen, 

Hilden, Germany). Homogenate was centrifuged at 820 x g, and supernatant was collected. 

Myeloperoxidase (MPO) concentration was determined by RD Systems Murine MPO 

ELISA kit (R&D Systems Inc., Minneapolis, MN).

2.5. Scnn1b-Tg Mouse Model

Scnn1b-Tg mice were derived on a mixed background (C3H/HeN:C57BL/6N) and 

genotyped as previously described (21). Founder line 6608 was utilized for this study. All 

experiments used age- and sex-matched Scnn1b-Tg mice or their littermate wild-type (WT) 

controls. All animal care and procedures were approved by the UAB Institutional Animal 

Care and Use Committee and performed according to the principles outlined by the Animal 

Welfare and NIH guidelines for the care and use of animals in biomedical research.

2.6. Drug Administration

Mice were distributed equally among two separate nebulizing chambers, each with a PARI 

Vios Pro nebulizer (PARI Respiratory Equipment Inc., Starnberg, Germany) fitted to an 

opening in the chamber sides. Equal volumes of 250ug/mL SNSP113 in phosphate buffered 

saline (PBS) with 1.38% glycerol in PBS or PBS with 1.38% glycerol in PBS alone 

(Synspira Therapeutics Inc, MA, US) were added to the nebulizers. Mice were nebulized 

under constant saturation for one hour, daily for a total of 7 days.

2.7. Statistical Analysis

Statistical analyses were performed in Graphpad Prism (GraphPad, CA, US) version 9.0 or 

later. Comparisons were made using nonparametric one-way ANOVA using Kruskal-Wallis 

test followed by Dunn’s multiple comparison test or Ordinary one-way ANOVA followed 

by Tukey’s to compare individual groups. Fisher’s exact test was used to assess ECP 

occurrence. P-values < 0.05 were considered significant. Statistics are presented as mean ± 

SEM unless noted otherwise.
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3. Results

3.1. SNSP113 restores mucus transport in Scnn1b-Tg mice without impacting airway 
hydration.

We previously established that SNSP113 improves MCC in CFTR−/− rats by correcting 

mucin through an electrostatic mechanism that aids in divalent cation release from 

MUC5B, allowing subsequent linearization of the protein to a more mature form (16). We 

hypothesized that SNSP113 would also correct mucociliary transport in an airway surface 

fluid deficient Scnn1b-Tg mouse model of mucus stasis, since the relative absence of Na+ 

may defer normal cationic exchange from Ca2+ to Na+. To evaluate the effect of SNSP113 

on mucociliary transport, Scnn1b-Tg mice were nebulized with 250ug/mL SNSP113 in 

glycerol vehicle or glycerol vehicle alone daily for 7 days. Three hours following the last 

treatment, tracheas were excised and imaged via μOCT, a real-time imaging modality that 

visualizes the functional microanatomy of the airway surface (22, 23). As seen in the 

representative μOCT images (Figure 1A–C) and confirmed by quantification (Figure 1D,E), 

ASL but not PCL depth was partially diminished in Scnn1b-Tg vs. WT mice; however, 

no meaningful difference was seen with vehicle or SNSP113, as expected based on the 

proposed mechanism of action and indicating that SNSP113 did not significantly impact 

airway hydration, as reported in CF rats (16). There was also no meaningful difference 

detected in ciliary beat frequency (CBF) between WT mice or Scnn1b-Tg mice treated with 

vehicle or SNSP113 (SI Figure 1A). In contrast, SNSP113 (Video 3; Figure 1H) increased 

transport of particles within the mucus layer of Scnn1b-Tg mice compared to vehicle (Video 

2; Figure 1G), significantly improving MCT rate (Figure 1I; SNSP113, 0.96 ± 0.23 mm/min; 

vehicle, 0.32 ± 0.08 mm/min; P < 0.05) to rates seen in WT mice (Video 1; Figure 1F,I; 0.94 

± 0.15 mm/min).

Control tracheae from WT and Scnn1b-Tg mice without nebulization were assessed via 

μOCT to compare airway physiology at baseline. As observed in the representative μOCT 

images (Figure 2A,B), Scnn1b-Tg mice without vehicle nebulization exhibited significantly 

lower ASL (Figure 2C; Scnn1b-Tg, 7.9 ± 0.25 μm; WT, 10.8 ± 0.79 μm; P < 0.05) and PCL 

depths (Figure 2D; Scnn1b-Tg, 4.99 ± 0.06 μm; WT, 5.61 ± 0.11 μm; P < 0.01) compared 

to WT. In addition, compared to WT, Scnn1b-Tg mice showed significantly reduced MCT 

(Figure 2E–G; Scnn1b-Tg, 0.17 ± 0.06 mm/min; WT, 0.75 ± 0.15 mm/min; P < 0.05). The 

MCT deficit in Scnn1b-Tg mice remained present after nebulization, although the ASL and 

PCL deficit were normalized, indicating that SNSP113 can increase mucociliary transport by 

a mechanism independent of airway hydration in a Scnn1b-Tg model of CF, consistent with 

its proposed electrostatic mechanism.

3.2. SNSP113 reduces goblet cell metaplasia and epithelial hypertrophy in the airways of 
Scnn1b-Tg mice.

Based on our finding that SNSP113 partially restores mucus transport in Scnn1b-Tg mouse 

trachea, we hypothesized that SNSP113 would also resolve secondary goblet cell metaplasia 

and epithelial hypertrophy, which are present in Scnn1b-Tg mice due to aberrant MCC 

and persist into adulthood (20, 24). Goblet cell metaplasia and epithelial hypertrophy 

further exacerbate mucus abnormalities and excess mucus production in CF (25–27). To 
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evaluate this, we nebulized Scnn1b-Tg and WT control mice with SNSP113 or vehicle 

for 7 days and collected lungs for histopathologic evaluation. Whole lung sections were 

stained with AB-PAS to visualize the airway epithelium and mucin packed goblet cells in 

large airways. Representative lung sections at 100X and 400X magnification showed more 

goblet cells with evident mucin expression per mm of epithelium length and increased 

epithelial height (Figure 3B), a marker of epithelial injury, in similarly sized airways in 

vehicle-treated Scnn1b-Tg mice vs. WT mice (Figure 3A). A substantial decrease in goblet 

cell number and a reduced epithelium was observed in SNSP113-treated Scnn1b-Tg mice 

(Figure 3C). Quantifications revealed significantly fewer goblet cells per length of airway 

in SNSP113-treated (55.8 ± 7.0 cells/mm; Figure 3D; P<0.001) vs. vehicle-treated (119.0 

± 5.7 cells/mm) Scnn1b-Tg mice, with levels similar to WT mice (59.9 ± 8.2 cells/mm; 

Figure 3D). SNSP113 also significantly reduced epithelial height (15.15 ± 0.66 μm; Figure 

3E; P<0.01) vs. vehicle (24.09 ± 1.41 μm) in Scnn1b-Tg mice, restoring the epithelium 

to a height similar to WT mice (13.45 ± 0.94 μm; Figure 3E). Overall, the reductions in 

goblet cell metaplasia and epithelial hypertrophy seen with SNSP113 provide evidence that 

the correction of mucus transport in the Scnn1b-Tg mouse lung subsequently improves 

secondary lung histopathological changes due to aberrant mucociliary clearance.

3.3. SNSP113 reduces incidence of ECP in Scnn1b-Tg mice.

Scnn1b-Tg mouse lungs exhibit transient macrophage influx and eosinophilic inflammation, 

as well as chronic neutrophilia (20, 24, 28). We hypothesized that SNSP113 would 

further improve lung inflammation. Eosinophilic crystalline pneumonia (ECP) is a common 

pulmonary lesion with a high prevalence in mice with a C57BL/6 background, characterized 

by brightly colored eosinophilic crystals within macrophages and/or alveolar spaces (29). 

ECP can occur spontaneously in the presence of other pathologic features such as 

hyperplasticity, and can be a cause of mortality when comorbid with lung disease that 

prevents proper clearance of alveolar exudate, due to an accumulation of macrophages 

(30). Eosinophilic crystal formation has been previously reported in younger Scnn1b-Tg 

mice and has been shown to accompany inflammation in the Scnn1b-Tg model (24). 

Interestingly, in our aged mice, we observed that adult Scnn1b-Tg mice at least 16 weeks of 

age exhibited an increased occurrence of ECP; 6 of 11 vehicle-treated Scnn1b-Tg mice 

had ECP, whereas zero WT mice were affected (Figure 4D, P < 0.01). Interestingly, 

significantly fewer Scnn1b-Tg mice had ECP occurrence after treatment with SNSP113, 

with only a single mouse showing mild pneumonia (Figure 4D, P<0.05). To quantify the 

severity of ECP, we measured the total amount of pneumonic consolidation over whole 

lung area in HE-stained whole lung sections. There was no consolidation in WT mice, but 

areas of lung consolidation were frequent in Scnn1b-Tg vehicle-treated mice (12.27 ± 4.54 

%Consolidation; Figure 4A,B,E; P<0.01) yet almost completely absent in Scnn1b-Tg mice 

treated with SNSP113 (0.10 ± 0.10 %Consolidation; Figure 4C,E; P<0.05). Control tracheae 

from WT and Scnn1b-Tg mice without nebulization were evaluated for the presence of ECP 

to compare airway physiology at baseline. We observed that non-nebulized adult Scnn1b-Tg 

mice (8-10 weeks of age) exhibited an increased occurrence of ECP; 4 of 5 Scnn1b-Tg 

mice exhibiting at least some ECP, whereas zero WT mice were affected (SI Figure 2A–C, 

P<0.05). The total area of pneumonic consolidation of the Scnn1b mice was less than that 

observed in our nebulized groups (data not shown), likely due to the younger age of the 
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non-nebulized mice. To evaluate the effect of SNSP113 on immune cell infiltration, BALF 

was collected from mice after nebulization with 250ug/mL SNSP113 or glycerol vehicle 

daily for 7 days and total white blood cells (WBCs) and differential counts for macrophages 

and polymorphonuclear neutrophils (PMNs) were measured. As expected, total WBS count 

was significantly elevated in vehicle-treated Scnn1b-Tg mice (98.7 ± 18.9 WBC; Figure 4F; 

P<0.05) vs. vehicle-treated WT mice (32.1 ± 7.5 WBC). SNSP113 decreased the total WBC 

count, but this finding was not statistically significant. The total number of macrophages 

in the BALF were significantly elevated in vehicle-treated Scnn1b-Tg mice (57.8 ± 11.7 

macrophages; Figure 4G; P<0.01) vs. vehicle-treated WT mice (11.4 ± 2.9 macrophages) 

and significantly reduced after SNSP113 treatment (26.2 ± 4.7 macrophages; Figure 4G; 

P<0.05). We did not detect any differences in % macrophages compared to total WBC 

(SI Figure 2D), most likely due to macrophages being the predominant cell type. Total 

PMN count was significantly elevated in vehicle-treated Scnn1b-Tg mice (8.5 ± 2.8 PMN; 

Figure 4H; P<0.01) vs. vehicle-treated WT mice (0.33 ± 0.28 PMN). Similarly, % PMN 

count was significantly higher in BALF of vehicle-treated Scnn1b-Tg mice (8.13 ± 1.89 

%PMN; SI Figure 2E; P < 0.05) vs. vehicle-treated WT mice (1.29 ± 1.13 %PMN), and 

SNSP113 had no significant effect on % PMNs in Scnn1b-Tg mice vs. vehicle (9.00 ± 1.97 

%PMN). In addition, MPO levels from homogenized lung tissue were significantly elevated 

in Scnn1b-Tg mice (184.7 ± 19.54 units; SI Figure 2F; P<0.01) vs. WT (105.8 ± 8.96 

units), but there were no significant differences upon SNSP113 treatment. Together, these 

data support the improvement in macrophage and total WBC inflammation in the BALF, 

consistent with resolution of ECP.

4. Discussion

CF is an archetypal muco-obstructive lung disease hallmarked by impaired MCC, a feature 

common to other diseases (13, 26, 31). Current mucolytic therapies such as rhDNAse 

and N-acetyl cysteine that aim to improve MCC show only marginal efficacy and do not 

correct the underlying defect in mucin structure and function (2, 32). We have previously 

shown that a polycationic polymer, SNSP113, normalizes aberrant mucin structure apparent 

in CF, improving mucus viscoelasticity and transport in CFTR−/− rats (16). CFTR−/− rats 

display delayed MCC due largely to the absence of CFTR-mediated bicarbonate transport, 

and thus SNSP113 represented a novel mechanism of action (17). Here, we have shown 

that SNSP113 augments MCT and lung pathology in CFTR-sufficient Scnn1b-Tg mice that 

exhibit severe airway dehydration.

Scnn1b-Tg mice enable evaluation of mucus stasis caused by sodium depletion of the airway 

surface through hyperactive ENaC activity (20, 21). This results in airway dehydration and 

mucus hyperconcentration, rather than mucus stasis caused by deficient CFTR-dependent 

bicarbonate and chloride secretion (33). We show that Scnn1b-Tg mice have significantly 

diminished ASL, PCL, and MCT at baseline and prior to any nebulized treatment (Figure 

2). Nebulization by the glycerol in PBS vehicle increased ASL and PCL in Scnn1b-Tg mice 

to near WT levels. On the contrary, MCT was only marginally increased (from 0.17 to 0.32 

mm/min), with a significant remaining deficit of 0.62 mm/min compared to WT, which was 

only restored after nebulization with SNSP113. The increases in ASL and PCL after vehicle 

nebulization of Scnn1b-Tg mice were likely due to the acute increase in hydration by PBS, a 
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reduced discrimination between vehicle treated WT mice. This is consistent with a previous 

report that showed and acute increase in mucus layer height after administration of isotonic 

saline, which was exaggerated in Scnn1b-Tg mice (34). Furthermore, this report showed that 

neither hypertonic saline nor bicarbonate improved mucus transport compared to isotonic 

saline, although hypertonic saline did increase the mucus layer height. The findings in this 

report complement findings in the current study while highlighting the potential benefit of 

SNSP113 in this model.

As expected, SNSP113 did not alter ASL or PCL beyond vehicle, indicating correction of 

mucus transport independent of airway hydration, as seen in CFTR−/− rats (16). Noting this 

consistency between models, we propose a consistent mechanism: mucus transport is likely 

augmented by displacing Ca2+, facilitating the exchange of Ca2+ for Na+ within MUC5B 

molecules, and subsequently promoting mucin expansion to a less viscous state (6, 11, 16). 

Although Scnn1b-Tg mice are not deficient in bicarbonate, which is proposed to actively 

chelate Ca2+ ions to facilitate their de-aggregation from MUC5B (8, 9), the affinity of 

SNSP113 due to positive arginine moieties to the negative charges in mucin may favor 

Ca2+ displacement; this augments its exchange for Na+ when positive counter ions may 

be less available, as we speculate could occur in this model of airway dehydration (10, 

19). Since SNSP113 is a highly charged polymer, and previous work demonstrates that it 

closely associates with MUC5B in a Ca2+-dependent fashion, SNSP113 likely increases 

the hydrophilicity of mucin and facilitates its expansion. Mechanistic studies evaluating 

the macromolecular forms of mucin in this model of airway sodium depletion alongside 

treatment with SNSP113 are needed to validate this concept. Prior in vitro studies showed 

that the effect of SNSP113 (i.e. PAAG) on mucus viscosity were observed within 24 hours 

of treatment (16). We hypothesized longer treatment would likely be needed to rectify 

mucus transport in vivo, and designed our studies accordingly; thus we are unable to discern 

whether the kinetics of the beneficial effect on mucociliary physiology of SNSP113 could 

be more rapidly observed in vivo. Regardless, the ability of SNSP113 to restore MCT in 

Scnn1b-Tg mice provides clear evidence that SNSP113 may have therapeutic efficacy as a 

mucolytic in many disease states characterized by defects in mucus viscosity due to aberrant 

electrostatics properties of MUC5B.

This study highlights the ability of SNSP113 to improve secondary lung pathology by 

significantly reducing airway epithelial hypertrophy and goblet cell metaplasia, common 

features of muco-obstructive disease that exacerbate lung pathology by increasing mucus 

production and contributing to airway obstruction (26, 27). Unfortunately, we did not 

observe prominent mucus plugging in our Scnn1b-Tg mice as previously reported. This 

was likely due to variability among strains and age of mice mice, and possibly because 

the hilar region of the lung, where prominent mucus plugging has been previously reported 

during histopathological analysis, was included but not featured in our study (35). However, 

we did observe significant increases in epithelial height and goblet cells in our Scnn1b-Tg 

mice (Figure 3). It has been reported that goblet cell metaplasia occurs after the development 

of muco-obstruction in Scnn1b-Tg mice, and therefore, occurs as a response to impaired 

MCC (20, 36). This study showed that SNSP113 significantly reduced the goblet cell 

metaplasia and epithelial thickening present in the Scnn1b-Tg mouse lung, highlighting the 

potential for SNSP113 or entities with similar mechanisms to improve the lung pathology 
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that follows and exacerbates muco-obstructive diseases. Comparable studies have shown that 

amiloride, hypertonic saline, and more recently, a thiol-saccharide mucolytic (MUC-031) 

significantly prevent intraluminal mucus accumulation in neonatal Scnn1b-Tg mice, and 

that 7% hypertonic saline and MUC-301 were able to significantly resolve intraluminal 

accumulation in adult mice (35, 37, 38). Interestingly, none of these studies reported showed 

resolution of intraepithelial mucus accumulation, a metric of goblet cell metaplasia, in adult 

mice, whereas this study showed a decrease in goblet cell metaplasia, possibly due to the 

distinct mechanism of SNSP113 compared to other mucolytic strategies. Future studies 

should evaluate SNSP113 efficacy on the prevention of mucus plugging and goblet cell 

metaplasia in the Scnn1b-Tg model to evaluate the distinct mechanism of mucin polymer 

correction by SNP113 rather than hydration augmentation or polymer reduction on the 

prevention of mucus pathology. Additionally, future studies could also include evaluation in 

CF disease models more affected by mucus obstruction, such as CF pigs, ferrets, or sheep.

ECP is a spontaneous pulmonary lesion that occurs in some strains of mice, notably mice 

derived from a C57BL/6 background, and increases in prevalence with age (30). ECP 

is characterized by lung consolidation of the bronchi and alveolar spaces resulting from 

the infiltration of acidic macrophages and eosinophils and hallmarked by acicular crystal 

formation within these cells (29, 30, 39). When comorbid with pulmonary diseases that 

prevent proper airway clearance, these infiltrates accumulate and can lead to decreased 

respiratory function and morbidity (30). The formation of eosinophilic crystals within 

mucus plugs and macrophages has been reported previously in juvenile Scnn1b-Tg mice 

(24). Interestingly, the severity of ECP observed in our study has yet to be reported in 

Scnn1b-Tg mice, likely because the majority of studies have been performed in juvenile 

mice, whereas the study reported here utilized mice at least 16 weeks of age. Interestingly, 

we observed a significant number of Scnn1b-Tg mice with ECP, and that SNSP113 reversed 

ECP occurrence and lung consolidation to rates seen in WT mice (Figure 4A–E). The 

occurrence of ECP in adult mice provided a unique opportunity to evaluate the efficacy 

of SNSP113 in resolving severe inflammation caused by impaired MCC. Consistent with 

our resolution of ECP after SNSP113 treatment, total WBC and macrophage counts were 

elevated in vehicle-treated Scnn1b-Tg mice and reduced after SNSP113 treatment. While 

SNSP113 improved ECP and macrophage influx, elevated neutrophil infiltration in BALF 

was not resolved (Figure 4H, SI Figure 2E,F), likely due to the way these inflammatory 

responses manifest over time. Neutrophilia has been well characterized in Scnn1b-Tg mice 

as chronic and occurring parallel to mucus-obstruction and goblet cell metaplasia (20). ECP 

occurs secondary to impaired clearance; therefore, improvements to MCC by SNSP113 may 

have enabled the resolution of ECP relatively quickly, within the 7-day treatment period, 

whereas long-term improvements in neutrophilic inflammation may require more sustained 

treatment (30). This will require additional studies to confirm. Overall, the resolution of ECP 

and macrophage influx by SNSP113 shows that it has beneficial effects on inflammation 

associated with impaired mucus clearance.

5. Conclusion

In summary, we demonstrated that SNSP113 improves mucus transport and lung pathology 

in Scnn1b-Tg mice, where mucus stasis occurs consequent to airway dehydration due 
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to sodium depletion of the airway surface, rather than absent bicarbonate transport 

through CFTR-mediated secretion. The ability of SNSP113 to improve mucus transport 

independently from hydration in the Scnn1b-Tg model indicates that SNSP113 can improve 

mucus viscoelasticity in cases where mucus obstruction results from airway dehydration. 

This expands the potential of SNSP113 to muco-obstructive diseases beyond CF, such 

as non-CF bronchiectasis or chronic bronchitis where the promotion of normal MUC5B 

structure and function could aid airway clearance.
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Abbreviations

CF Cystic fibrosis

MCC Mucociliary clearance

Ca2+ Calcium

Na+ Sodium

PAAG Poly (acetyl, arginyl) glucosamine

Tg Transgenic

βENac β subunit of the epithelial Na+ channel

μOCT micro-optical coherence tomography

ASL Airway surface liquid

PCL Periciliary liquid

MCT Mucociliary transport

BALF Bronchoalveolar lavage fluid

H&E hematoxylin and eosin

AB-PAS Alcian blue-periodic acid Schiff’s

ECP Eosinophilic crystalline pneumonia

Harris et al. Page 10

J Cyst Fibros. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



MPO Myeloperoxidase

WT Wild-type

PMN Polymorphonuclear neutrophils

WBC white blood cell
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Highlights:

• SNSP113 significantly improved MCT in a Scnn1b-Tg mouse model of 

mucus stasis.

• SNSP113 corrected MCT independent of airway hydration in Scnn1b-Tg 

mice.

• SNSP113 reduced and epithelial hypertrophy in Scnn1b-Tg mice.

• SNSP113 reduced incidence of eosinophilic crystalline pneumonia in Scnn1b-

Tg mice.

• SNSP113 and other agents may have beneficial effects in diseases mucus 

stasis associated with malformation of mucins.
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Figure 1. SNSP113 restores mucus transport in Scnn1b-Tg mice without impacting airway 
hydration.
(A-C) Representative μOCT images of trachea excised from (A) WT mice treated with 

1.38% glycerol in PBS vehicle and Scnn1b-Tg mice treated with either (B) 1.38% glycerol 

in PBS vehicle or (C) 250 μg/mL SNSP113 1.38% glycerol in PBS demonstrate no 

differences in ASL (yellow bar) or PCL (red bar). Summary data of (D) ASL and (E) 
PCL depth. Time-dependent reprocessed image show tracks of mucus particles above 

the epithelial surface of (F) WT mice treated with 1.38% glycerol in PBS vehicle and 
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Scnn1b-Tg mice treated with either (G) 1.38% glycerol in PBS vehicle or (H) 250 μg/mL 

SNSP1131.38% glycerol in PBS; the more horizontal direction of particle streaks (blue 

arrow) indicates more rapid transport. (I) Summary data shows effect of SNSP113 on MCT. 

Regions of interest were measured and averaged for each animal for (D) ASL, (E) PCL, 

(I) MCT. N=9/condition. nsP>0.05, *P<0.05 by Kruskal Wallis test comparing mean ranks. 

Scale bars, 10μm.
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Figure 2. Scnn1b-Tg mice exhibit a deficit in ASL and PCL prior to nebulization.
(A-B) Representative μOCT images of trachea excised from (A) WT mice and (B) Scnn1b-

Tg mice without any treatment demonstrate a reduced ASL (yellow bar) and PCL (red 

bar) in Scnn1b-Tg mice. Summary data of (C) ASL and (D) PCL depth. Time-dependent 

reprocessed images show tracks of mucus particles above the epithelial surface of (E) WT 

mice and (F) Scnn1b-Tg mice without any treatment; the more horizontal direction of 

particle streaks (blue arrow) indicates more rapid transport. (G) Summary data highlights 

reduced MCT in Scnn1b-Tg mice. Regions of interest were measured and averaged for each 
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animal for (C) ASL, (D) PCL, (G) MCT. N=5/condition. N=9/condition. *P<0.05, **P<0.01 

by Kruskal Wallis test comparing mean ranks. Scale bars, 10μm.
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Figure 3. SNSP113 reduces goblet cell metaplasia and epithelial hypertrophy in the airways of 
Scnn1b-Tg mice.
(A-C) Representative AB-PAS stained airways highlight differences in goblet cell 

metaplasia (black arrow) and epithelial height (yellow bar) between (A) WT mice treated 

with 1.38% glycerol in PBS vehicle compared to Scnn1b-Tg mice treated with either (B) 
1.38% glycerol in PBS vehicle or (C) S 250 μg/mL.1.38% glycerol in PBS. Summary 

data of (D) number of goblet cells per mm of epithelium length and (E) height of 
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epithelium (μm). N=7-10/condition. nsP>0.05, **P<0.01, ***P<0.001 by Kruskal Wallis 

test comparing mean ranks. Scale bars, 100um and 20μm, respectively.

Harris et al. Page 20

J Cyst Fibros. Author manuscript; available in PMC 2024 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. SNSP113 reduces incidence of eosinophilic crystalline pneumonia (ECP) in the Scnn1b-
Tg mouse.
(A-C) H&E-stained lung sections (magnification 100X and 400X) show normal lungs in (A) 
WT mice treated with 1.38% glycerol in PBS vehicle compared to severe ECP in Scnn1b-Tg 

mice that treated with (B) 1.38% glycerol in PBS vehicle, which is substantially resolved 

in (C) Scnn1b-Tg mice treated with 250ug/mL SNSP113. (D-E) Quantification of animals 

show presence of ECP and percent of ECP lung consolidation highlight the resolution of 

ECP after SNSP113 treatment. N=10 to 11/condition. nsP>0.05, *P<0.05, **P<0.01 by Chi 
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Square or Kruskal Wallis test comparing mean ranks, respectively. Scale bars, 200μm. (F) 
Total WBC counts in BALF samples and differential counts of (G) total macrophages and 

(H) total PMNs in the BALF samples of WT mice treated with 1.38% glycerol in PBS 

vehicle and Scnn1b-Tg mice treated with either 1.38% glycerol in PBS vehicle or 250ug/mL 

SNSP113.1.38% glycerol in PBS N=7 to 15/condition. nsP>0.05, *P<0.05, **P<0.01 by 

Ordinary one-way ANOVA or Kruskal Wallis test as appropriate.
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