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Abstract 

Pulmonary fibrosis remains a serious biomedical problem with no cure and an urgent need 

for better therapies. Neuraminidases (NEUs), including NEU1, have been recently implicated in 

the mechanism of pulmonary fibrosis by us and others. We now have tested the ability of a 

broad-spectrum neuraminidase inhibitor, DANA, to modulate the in vivo response to acute 

intratracheal bleomycin challenge as an experimental model of pulmonary fibrosis. A marked 

alleviation of bleomycin-induced body weight loss and notable declines in accumulation of 

pulmonary lymphocytes and collagen deposition were observed. Real-time PCR analyses of 

human and mouse lung tissues and primary human lung fibroblast cultures were also 

performed. A predominant expression and pronounced elevation in the levels of NEU1 mRNA 

were observed in patients with idiopathic pulmonary fibrosis and bleomycin-challenged mice 

compared to their corresponding controls, whereas NEU2, NEU3, and NEU4 were expressed at 

far lower levels. The levels of mRNA for the NEU1 chaperone, protective protein/cathepsin A 

(PPCA), were also elevated by bleomycin. Western blotting analyses demonstrated bleomycin-

induced elevations in protein expression of both NEU1 and PPCA in mouse lungs. Two known 

selective NEU1 inhibitors, C9-BA-DANA and CG33300, dramatically reduced bleomycin-

induced loss of body weight, accumulation of pulmonary lymphocytes, and deposition of 

collagen. Importantly, C9-BA-DANA was therapeutic in the chronic bleomycin exposure model, 

with no toxic effects observed within the experimental timeframe. Moreover, in the acute 

bleomycin model, C9-BA-DANA attenuated NEU1-mediated desialylation and shedding of the 

mucin-1 ectodomain. These data indicate that NEU1-selective inhibition offers a potential 

therapeutic intervention for pulmonary fibrotic diseases. 
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Significance Statement 

Neuraminidase-1-selective therapeutic targeting in the acute and chronic bleomycin models 

of pulmonary fibrosis reverses pulmonary collagen deposition, accumulation of lymphocytes in 

the lungs, and the disease-associated loss of body weight, all without observable toxic effects. 

Such therapy is as efficacious as non-specific inhibition of all neuraminidases in these models, 

thus indicating the central role of neuraminidase-1 as well as offering a potential innovative, 

specifically targeted, and safe approach to treating human patients with a severe malady, 

pulmonary fibrosis.  
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Introduction 

Pulmonary fibrosis, a defining feature of interstitial lung disease, complicates a spectrum of 

illnesses (Spagnolo et al., 2018; Fischer and Distler, 2019; Perelas et al., 2020; Varone et al., 

2020). It develops as a consequence of environmental or professional exposures (Khazdair et 

al., 2015; Trethewey and Walters, 2018; Greenberger, 2019; Hanania et al., 2019; Hoy and 

Chambers, 2020) or infections (Naik and Moore, 2010; George et al., 2020), or, in its most 

severe forms, emerges idiopathically (Lederer and Martinez, 2018). The complex and redundant 

mechanisms of pulmonary fibrosis are not fully understood, and therapeutic options are limited. 

A labyrinthine network of cells and molecules contributing to pulmonary fibrosis has been 

identified, and new mediators continue to be added (Wynn, 2011; Todd et al., 2012; Luzina et 

al., 2015b; Glasser et al., 2016; Kolahian et al., 2016; Kurundkar and Thannickal, 2016). Each 

molecular mediator of pulmonary fibrosis represents a potential therapeutic target.  

Numerous reports have associated elevated neuraminidase activity and expression with 

pulmonary fibrosis and mechanistically implicated neuraminidases (NEUs; also called 

sialidases) (Lambre et al., 1988; Komleva et al., 1995; Luzina et al., 2016; Karhadkar et al., 

2017; Karhadkar et al., 2020). There are four known mammalian NEUs (NEU1, -2, -3, and -4), 

that belong to an ancient family of enzymes whose function is to remove terminal sialic acid 

(also known as neuraminic acid) from glycoconjugates. Of the four, NEU1 stands out as 

potentially relevant to fibrosis. NEU1 has been found to be irreplaceable in the physiological 

formation of elastic fibers (Hinek et al., 2006; Duca et al., 2007), supporting the notion of its 

relevance to connective tissue biology. We recently reported that elevated NEU1 provokes 

profibrotic phenotypes in several pulmonary cell types, suggesting that therapeutic targeting of 

NEU1 may be efficacious in treating pulmonary fibrosis (Luzina et al., 2016). 

An additional mechanistic, and perhaps unexpected, link between NEU1 and pulmonary 

fibrosis comes from previous studies of mucin-1 (MUC1) and its ectodomain (MUC1-ED). 
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Membrane-tethered MUC1 is comprised of a >250 kDa heavily sialylated MUC1-ED (Storr et al., 

2008), a transmembrane domain, and a short cytoplasmic domain (Hattrup and Gendler, 2008; 

Lillehoj et al., 2013). The MUC1-ED also contains a Gly-Ser protease recognition site 58 amino 

acids upstream of the transmembrane domain, which upon desialylation is unmasked permitting 

its proteolytic cleavage and release from the airway epithelial cell surface. The shed MUC1-ED, 

containing the Krebs von den Lungen-6 (KL-6) epitope, has been extensively used as a 

biomarker for pulmonary fibrotic disease activity (Yokoyama et al., 2006; Wakamatsu et al., 

2017; Ishii et al., 2018; Raghu et al., 2018). Moreover, MUC1-ED has been implicated in 

pulmonary fibrosis mechanistically (Xu et al., 2013; Ballester et al., 2019; Ballester et al., 2020; 

Milara et al., 2020). Anti-MUC1-ED antibody (Xu et al., 2013) and MUC1 gene deficiency (Milara 

et al., 2020) each protects against bleomycin-induced lung fibrosis in mice. We have identified 

MUC1 as an in vivo NEU1 substrate, and demonstrated that MUC1-ED desialylation promotes 

its shedding (Lillehoj et al., 2015; Lillehoj et al., 2019). Thus, the well-known increase in MUC1-

ED levels in pulmonary fibrosis can be attributed to elevated NEU1 expression and catalytic 

activity. Inhibition of NEU1 catalytic activity may exert an antifibrotic effect by attenuating MUC1-

ED desialylation and shedding. 

The notion that mammalian NEUs may be targeted therapeutically has begun to be 

addressed in a proof-of-concept study (Karhadkar et al., 2017), where the authors demonstrated 

that oseltamivir (Tamiflu), a drug targeting the viral neuraminidase of the influenza virus, 

attenuated pulmonary fibrosis in the acute bleomycin mouse model. Although encouraging for 

the development of a neuraminidase-targeting approach, further experimental development of 

this concept is needed. Tamiflu was designed to target viral, and not mammalian, NEUs. It lacks 

NEU1 inhibitory activity at concentrations up to 1 mM. Its IC50 for NEU1 is rather high at ~50 

mM, and its inhibitory activity for other mammalian NEUs is essentially undetectable (Hata et al., 

2008; Lindemann et al., 2010; Richards et al., 2018). Oseltamivir is approved for short-term 
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treatment and prophylaxis of influenza but is not recommended long-term because of its notable 

side effects (Hata et al., 2008; Gupta et al., 2015; Heneghan et al., 2016). We previously 

established elevated NEU1 expression in the lung tissues of patients with idiopathic pulmonary 

fibrosis (IPF) (Luzina et al., 2016). These combined considerations prompted our exploration of 

the potential for pharmacological inhibitors that target mammalian NEU1. Two recently 

described non-covalent competitive inhibitors that selectively target NEU1, C9-BA-DANA 

(Magesh et al., 2008; Hyun et al., 2016; Lillehoj et al., 2019) and CG33300 (Guo et al., 2018; 

Howlader et al., 2020), have been tested  for the first time in this study for their ability to mitigate 

pulmonary fibrosis in vivo. 
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Materials and Methods 

Neuraminidase inhibitors 

Pan-neuraminidase inhibitor 2-deoxy-2,3-dehydro-N-acetylneuraminic acid (DANA) was 

purchased from Calbiochem (La Jolla, CA). NEU1-selective inhibitor C9-pentylamide-2-deoxy-

2,3-dehydro-N-acetylneuraminic acid (C9-BA-DANA), referred to as "10h" in the original 

publication, was synthesized as described (Magesh et al., 2008). An alternative NEU1-selective 

inhibitor, C5-hexanamido-C9-acetamido-DANA, referred to as "17f" in the original publication 

and CG33300 here, was synthesized as described (Guo et al., 2018) and used here in its 

methyl ester form CG33301. 

Animal studies 

Wild-type female C57BL/6 mice aged 10-12 weeks and weighing 18 – 20 g (The Jackson 

Laboratory, Bar Harbor, ME) were treated in accordance with a research protocol approved by 

the University of Maryland Institutional Animal Care and Use Committee. Animals were 

maintained in sterile microisolator cages with sterile rodent feed and water in the Baltimore VA 

Medical Center Research Animal Facility, approved by the Association for Assessment and 

Accreditation of Laboratory Animal Care. 

In vivo inhibition of neuraminidase activity 

Mice were injected intraperitoneally with 15 µg/kg of DANA, C9-BA-DANA, CG33300, or 

PBS control intraperitoneally. After 24 h, mice were injected intraperitoneally with a second dose 

of the same inhibitor or PBS control. After an additional 18 h, the mice were euthanized; lungs 

were harvested, weighed, homogenized, centrifuged; and the supernatants were processed for 

total neuraminidase activity for the fluorogenic substrate, 2'-(4-methylumbelliferyl)-α-D-N-

acetylneuraminic acid (4-MU-NANA), as described (Cross et al., 2012; Hyun et al., 2016). 
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Acute bleomycin lung injury model 

To induce pulmonary inflammation and fibrosis, a single dose of 0.075U of bleomycin 

(Sigma-Aldrich, St. Louis, MO) diluted in 50 µL of sterile phosphate-buffered saline (PBS) was 

delivered intratracheally to mouse lungs on day 0, as described (Pochetuhen et al., 2007; 

Luzina et al., 2013; Luzina et al., 2015a). Briefly, a minor anterior midline neck incision was 

made to reveal the trachea, and a Micro Sprayer (Penn-Century, Wyndmoor, Philadelphia, PA) 

was inserted intratracheally and bleomycin or sterile PBS instilled. Mice were serially weighed, 

and on days 8 – 13, daily administered intraperitoneally with DANA, C9-BA-DANA, CG33300, 

all dissolved in PBS, in doses indicated below in each of the experiments, or PBS control. On 

days 14 or 21, mice were euthanized by CO2 asphyxiation, followed by cervical dislocation. 

Immediately postmortem, bronchoalveolar lavage (BAL) samples and lungs were harvested. 

BAL samples were collected and analyzed as described (Pochetuhen et al., 2007; Luzina et al., 

2013; Luzina et al., 2015a). Briefly, installation and withdrawal of 1 mL of PBS twice via an 18-

gauge blunt-end needle secured in the trachea were performed in each animal. The two aliquots 

of BAL were pooled, centrifuged, and total and differential cell counts performed. The lungs 

were processed for qRT-PCR, quantitative immunoblotting, and determination of hydroxyproline 

as a measure of total collagen as previously described (Pochetuhen et al., 2007; Luzina et al., 

2013; Luzina et al., 2015a). 

Chronic bleomycin injury model 

Repeated intraperitoneal injections of bleomycin were utilized in the chronic injury model as 

described (Baran et al., 2007; Zhou et al., 2011; Luo et al., 2016). Briefly, 0.018 U of bleomycin 

or PBS control were injected twice a week for 33 days, whereas C9-BA-DANA or PBS control 

were injected intraperitoneally twice a week starting on day 14. The lungs were processed for 

total collagen. 
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Quantitative reverse transcriptase – polymerase chain reactions 

Total cellular RNA was extracted from murine lung tissue, as described using Trizol 

(ThermoFisher Scientific, Waltham, MA), and RNA purity was established based on the 

A260/A280 absorption ratio. Total RNA (1.0 µg) was treated with DNase I (Invitrogen 

ThermoFisher) for 15 min and reverse transcribed using avian myeloblastosis virus reverse 

transcriptase and poly(T) primer (Promega, Madison, WI). The resulting cDNA was quantified by 

real time polymerase chain reaction (qRT-PCR) using pre-validated primers for COL1A2, 

COL3A1, NEU1, NEU2, NEU3, NEU4, and PPCA as well as RT2 SYBR Green qPCR Master 

Mix, all from Qiagen (Germantown, MD). For thermal cycling, a StepOnePlus Real-Time PCR 

System (ThermoFisher) was used. 

Immunoblotting 

Murine lung homogenates were mixed with equal volumes of Laemmli loading buffer 

supplemented with β-mercaptoethanol, boiled and resolved by SDS-PAGE. Following wet 

electrotransfer to polyvinylidene difluoride membranes (PVDF), the membranes were blocked 

and incubated with primary and secondary antibody using Tris-buffered saline with 0.1% Tween 

20 and 5% bovine serum albumin. The following primary antibodies were used: rabbit anti-

human NEU1 (OriGene, Rockville, MD, cat.# TA335236) and rabbit anti-human NEU2, NEU3, 

and NEU4 also from OriGene; rabbit anti-human PPCA (Abcam, Cambridge, MA, cat.# 

ab184553); and rabbit anti-human GAPDH from Cell Signaling Technology (Dancers, MA, cat.# 

5174). Horseradish peroxidase-tagged secondary antibody was goat anti-rabbit IgG from EMD 

Millipore (Billerica, MA, cat.# 12–348). Chemiluminescent signal was developed using 

SuperSignal West Pico Chemiluminescent Substrate (ThermoFisher). Membrane stripping was 

performed using ReBlot Plus stripping solution (EMD Millipore). 

For determination of desialylated MUC1-ED, equal protein aliquots of bronchioalveolar 

lavage fluid were incubated with peanut agglutinin (PNA) immobilized on agarose beads to 
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enrich for PNA-binding as described (Lillehoj et al., 2019). The PNA-binding proteins were 

resolved by SDS-PAGE and transferred to PVDF membrane. The blots were developed with 

anti-MUC1-ED antibody (LifeSpan Biosciences, Seattle, WA, cat.# LS-C343984) followed 

by horseradish peroxidase-conjugated secondary antibody. 

Measurement of Total Lung Collagen 

Total lung collagen was measured based on the quantification of hydroxyproline, using the 

colorimetric QuickZyme assay (QuickZyme BioSciences, Leiden, The Netherlands), according 

to the manufacturer’s recommendations. Briefly, following hydrolysis of 50 mg lung tissue in 500 

µL of 6M HCl for 20 h at 95° C, the hydrolysate was diluted 10-fold with 4M HCl and measured 

against serial dilutions of collagen standard. The results were expressed as µg collagen per mg 

wet lung tissue. 

Enzyme-Linked Immunosorbent Assay (ELISA) for the Murine MUC1- ED 

Murine bronchoalveolar lavage supernatants were centrifuged at 10,000 g for 10 min at 4° 

C, transferred in triplicates to 96-well Nunc MaxiSorp plates (ThermoFisher), and incubated 

overnight at 4 °C. Wells were blocked for 1 h at room temperature with PBS, pH 7.0, containing 

10 mg/mL bovine serum albumin and 50 mg/mL sucrose, and washed with PBS containing 

0.05% Tween 20 (PBS-T). The samples were reacted for 2 h at room temperature with 200 

µg/mL rabbit anti-murine MUC1-ED antibody (LifeSpan Biosciences, Seattle, WA, cat.# LS-

C343984), washed with PBS-T, reacted for 2 h at room temperature with 200 µg/mL of HRP-

conjugated goat anti-rabbit IgG secondary antibody, and washed with PBS-T. Bound antibodies 

were detected with tetramethylbenzidine substrate. The substrate reaction was stopped with 1 N 

HCl, and A450 measured. A standard curve using purified murine MUC1-ED was generated for 

each ELISA plate, as described (Lillehoj et al., 2019). 
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Statistical Analysis 

Experimental data were expressed as mean + standard deviation values. Pairwise 

comparisons of groups were performed utilizing two-tailed Student’s t-test. Multiple groups were 

analyzed using one-way ANOVA. 
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Results 

Effect of pan-neuraminidase inhibition in the acute bleomycin lung injury model 

We previously reported that a non-covalent competitive pan-neuraminidase inhibitor, DANA, 

inhibited total neuraminidase activity in human airway epithelia and lung microvascular 

endothelia (Cross et al., 2012; Lillehoj et al., 2012). Our previous study estimated an IC50 of a 

DANA derivative, C9-BA-DANA, for total neuraminidase activity in vitro, as well as 

demonstrated that both DANA and its NEU1-selective derivative, C9-BA-DANA, potently inhibit 

neuraminidase activity in mouse lungs in vivo at 15 µg/kg (Hyun et al., 2016). We now have 

further corroborated the ability of DANA to attenuate neuraminidase activity in mouse lungs in 

vivo. Two 15 µg/kg doses of DANA were administered intraperitoneally at 42 h and 18 h prior to 

harvesting lungs, causing a reduction in total neuraminidase activity for the 4-MU-NANA 

substrate by 99.2% (Fig. 1A). 

Since previous studies suggest neuraminidase involvement in pulmonary fibrosis (Joseph et 

al., 1989; Luzina et al., 2016; Karhadkar et al., 2020), we tested the effect of this pan-

neuraminidase inhibitor in the acute bleomycin injury model. These tests were performed in the 

therapeutic, but not preventive, mode considering that human patients with pulmonary fibrotic 

diseases are commonly diagnosed after the fibrotic process in the lungs is already established. 

Mice were challenged with a single intratracheal instillation of bleomycin, and the disease was 

allowed to evolve over 7 days. To choose a dosing regimen of DANA, we relied on existing 

reports (Chairat et al., 2013; Hyun et al., 2016). Anti-influenza neuraminidase inhibitor, all 

derivatives of DANA, were tested in humans and showed elimination half-lives varying among 

the tested compounds. Oseltamivir had a half-life of approximately 7.7 h after oral 

administration, whereas half-life of injected peramivir varied between 7.7 and 20.8 h (Chairat et 

al., 2013). We therefore considered a daily administration of DANA to be suitable for our original 

study of DANA in pulmonary fibrosis in vivo. On days 7 – 14, mice were injected daily 
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intraperitoneally with 15 µg/kg of DANA or PBS vehicle. The treatment with DANA elicited a 

rapid reversal of the bleomycin-induced loss of body weight (Fig. 1B). Total and differential cell 

counts in bronchoalveolar lavage samples collected on day 14 after bleomycin injury (day 7 of 

treatment) revealed that pan-neuraminidase inhibition with DANA attenuated bleomycin-induced 

accumulation of total cells and, specifically, lymphocytes (Fig. 1C). qRT-PCR analyses of lung 

homogenates revealed that the steady-state levels of mRNAs for collagen chains COL1A2 and 

COL3A1 were elevated in bleomycin-challenged mice but attenuated in mice that received 

DANA (Fig. 1D). Furthermore, at the protein level, bleomycin injury increased pulmonary levels 

of collagen, whereas subsequent treatment with DANA attenuated such increases (Fig. 1E). 

Histologically, treatment with DANA protected against inflammatory infiltration and collagen 

deposition (Fig. 1F). These combined data indicate that pan-neuraminidase inhibition in the 

acute bleomycin injury model restores total body weight, limits pulmonary lymphocytic infiltration 

and collagen accumulation, and decreases histopathological changes in the lungs. 

Relative expression of neuraminidases in lung tissue and cultured lung fibroblasts 

The observed protective therapeutic effect of pan-neuraminidase inhibition on bleomycin-

induced injury led us to ask whether one or more of the four known mammalian neuraminidases 

(NEU1 – NEU4) may be at play. Deidentified, previously banked in separate institutional review 

board-approved studies, lung tissues from human patients with IPF and adult healthy controls 

were analyzed by qRT-PCR for NEU1, NEU2, NEU3, and NEU4 expression using specific 

primers. The steady-state mRNA levels of all four neuraminidases were elevated in patients with 

IPF, with average fold increases from healthy control tissues of 2.6 fold for NEU1, 37.2 fold for 

NEU2, 10.7 fold for NEU3, and 47.9 fold for NEU4 (Fig. 2A). Such fold-change increases alone 

are somewhat misleading, considering that NEU2, NEU3, and NEU4 mRNAs are present in low 

levels in lung tissues from healthy controls, and that NEU1 mRNA levels are predominant over 

other NEUs in lung tissues from healthy controls and IPF patients (Fig. 2A). Similar analyses of 
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primary lung fibroblast cultures from human patients with IPF and healthy controls revealed a 

statistically significant (p = 0.043) but modest 1.2-fold elevation in NEU1 but not the other three 

neuraminidases (Fig. 2B). These findings suggested that although all four neuraminidases may 

be involved in the disease process, the relative contribution from NEU1 may be greater than 

that from NEU2 – NEU4. In the acute bleomycin injury model, NEU1 mRNA was most 

pronouncedly elevated in response to the injury compared to mRNAs for the other three NEUs 

(Fig. 2C). The levels of mRNA for the NEU1 chaperone, PPCA, were also elevated in 

bleomycin-challenged animals (Fig. 2C). The levels of NEU1 and PPCA proteins were similarly 

elevated in mice treated with bleomycin (Fig. 2D), whereas other NEUs were not detectable by 

western blotting in lung tissues of either PBS- or bleomycin-treated mice. These observations 

suggest a predominant role for NEU1 in pulmonary fibrotic injury, although contributions from 

other neuraminidases cannot be excluded. 

Effect of NEU1-selective inhibition with C9-BA-DANA in the acute bleomycin injury 

model 

Unlike DANA, which is a competitive inhibitor of all mammalian NEUs, C9-BA-DANA  and 

CG33300 are selective inhibitors of NEU1 with IC50 values of 3 µM and 0.05 µM, respectively, 

and selectivity over other NEUs of 35-fold or higher and 340-fold or higher, respectively 

(Magesh et al., 2008; Guo et al., 2018; Howlader et al., 2020). To assess the relevant 

contribution of NEU1 to pulmonary fibrotic injury in the acute bleomycin model, NEU1-selective 

inhibition with C9-BA-DANA (Magesh et al., 2008; Hyun et al., 2016; Lillehoj et al., 2019) was 

employed. We previously reported that C9-BA-DANA inhibits NEU1 catalytic activity in cultured 

human pulmonary epithelial and endothelial cells as well as fibroblasts (Hyun et al., 2016). 

Furthermore, C9-BA-DANA inhibited NEU1 catalytic activity in mice in vivo (Hyun et al., 2016; 

Lillehoj et al., 2019). To validate those initial observations, two doses of 15 µg/kg C9-BA-DANA 

were administered intraperitoneally 24 h apart and total lung neuraminidase activity was 
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measured. Such treatment reduced total lung neuraminidase activity by 99.8% (Fig. 3A). This 

observation further validates the notion that most of the total neuraminidase activity in the lung 

can be ascribed to NEU1. Similar to the effects of pan-neuraminidase inhibition (Fig. 1), NEU1-

selective therapy with C9-BA-DANA reversed the bleomycin-induced loss of total body weight 

(Fig. 3B), attenuated pulmonary infiltration of lymphocytes (Fig. 3C) and collagen protein 

deposition (Fig. 3D), as well as diminished bleomycin injury-induced histopathological changes 

(Fig. 3E). These findings indicate that NEU1-selective inhibition is therapeutic in the acute 

bleomycin model of pulmonary inflammation and fibrosis. 

Long-term effect of NEU1-selective inhibition with C9-BA-DANA on bleomycin-

induced injury 

In the acute bleomycin injury model, inflammation peaks on days 7 – 14 and partially 

resolves by day 21, whereas fibrotic deposits are clearly observable on days 14 through 21 

(Degryse and Lawson, 2011; B et al., 2013; Carrington et al., 2018; O'Dwyer and Moore, 2018). 

Additional experiments were performed to assess the effects of therapy with C9-BA-DANA up to 

21 days in the acute bleomycin injury model. Furthermore, based on available data on dose-

dependent NEU1 inhibition by C9-BA-DANA (Hyun et al., 2016), a possibility was considered 

that lower doses of this inhibitor might have a therapeutic effect. Daily intraperitoneal 

administration of 1 µg/kg, 5 µg/kg, or 15 µg/kg of C9-BA-DANA starting on day 7 after 

intratracheal instillation of bleomycin dose-dependently reversed bleomycin-induced loss of total 

body weight (Fig. 4A). The levels of lung collagen were decreased in bleomycin-challenged 

mice by subsequent administration of either 1 µg/kg, 5 µg/kg, or 15 µg/kg of C9-BA-DANA not 

only after 7 days of treatment (day 14 after bleomycin challenge, Fig. 3D, 4B) but also after 14 

days of treatment (21 days after bleomycin challenge, Fig. 4C). These findings indicate that the 

lower dose of 5 µg/kg of C9-BA-DANA is comparable to its therapeutic effect at the higher, 15 
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µg/kg, dose of the drug and that the effect is long-lasting. The therapeutic effect was less 

pronounced, yet significant, and persistent with 1 µg/kg of C9-BA-DANA (Fig. 4A – C). 

Despite the broad use of the acute bleomycin injury model, it has several limitations, which 

somewhat diminish its relevance to human pulmonary fibrosis. In contrast to this model, human 

pulmonary fibrotic diseases are chronic in nature, have a characteristic histopathological 

appearance that is not fully reproduced by the acute bleomycin model, and have a notably less 

pronounced inflammatory component than that observed in mice acutely challenged with 

bleomycin (Degryse and Lawson, 2011; B et al., 2013; Carrington et al., 2018; O'Dwyer and 

Moore, 2018). To address these limitations, a chronic bleomycin exposure model was 

developed, in which pulmonary fibrosis is accompanied by modest inflammation as well as 

histopathological characteristics resembling that of human pulmonary fibrotic pathology. In this 

model, bleomycin is delivered systemically, either with a subcutaneously placed osmotic pump 

(Lee et al., 2014b; Ravanetti et al., 2020) or by repetitive systemic injections (Zhou et al., 2011; 

Weng et al., 2019). We utilized the latter model by administering bleomycin intraperitoneally 

twice a week for four weeks. The treatment with 15 µg/kg of C9-BA-DANA administered twice a 

week (alternating with bleomycin administrations) was initiated on day 14. Mice were followed 

up until day 33 following initiation of chronic bleomycin administration. In the chronic bleomycin 

injury model, therapy with C9-BA-DANA attenuated the loss of body weight (Fig. 4D) and 

accumulation of collagen in the lungs (Fig. 4E). 

Along with assessment of therapeutic efficacy, such prolonged treatment offers an 

opportunity for a detailed evaluation of possible toxic effects of C9-BA-DANA. A group of mice 

were administered PBS instead of bleomycin and received an equivalent dosing regimen of C9-

BA-DANA. In this C9-BA-DANA-exposed group without underlying bleomycin-driven disease, no 

changes in food or water consumption or grooming behavior were observed. The C9-BA-DANA 

therapy alone did not cause ataxia, hunched posture, or ruffled fur in any of the animals at any 
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of the time points. Mice were gaining weight as expected for their age (Fig. 4D). Postmortem 

histological assessment of spleen, liver, kidney, or heart did not reveal observable differences 

from PBS-treated control mice. The treatment with C9-BA-DANA did not affect the basal levels 

of pulmonary collagen (Fig. 4E). Therefore, C9-BA-DANA did not exert detectable toxicity within 

the experimental timeframe. 

NEU1-selective inhibition attenuates MUC-1 ectodomain desialylation and 

shedding 

We had previously identified MUC1 as an in vivo NEU1 substrate (Lillehoj et al., 2012). We 

also found that NEU1-mediated MUC1-ED desialylation plays a permissive role for its 

proteolytic cleavage and shedding, both in vitro (Lillehoj et al., 2015) and in vivo (Lillehoj et al., 

2019). It is therefore conceivable that the observed involvement of NEU1 in the bleomycin 

model of pulmonary fibrosis might be accompanied by MUC1-ED desialylation and elevated 

shedding, and that NEU1-selective inhibition might prevent this process. Indeed, MUC1-ED was 

elevated in bronchoalveolar lavage samples from bleomycin-challenged mice, and C9-BA-

DANA inhibited its release in a dose-dependent fashion (Fig. 5A). The increased NEU1 

expression and NEU1-mediated MUC1-ED desialylation and shedding may well explain the 

utility of KL-6 as a biomarker for IPF disease activity (Yokoyama et al., 2006; Wakamatsu et al., 

2017; Ishii et al., 2018; Raghu et al., 2018) and further support the notion of its mechanistic 

involvement in the disease process (Xu et al., 2013; Ballester et al., 2019; Ballester et al., 2020; 

Milara et al., 2020). We simultaneously assessed the sialylation state of shed MUC1-ED in 

bronchoalveolar lavage fluid samples using PNA lectin to selectively recognize desialylated 

MUC1-ED. Consistent with our previous findings in other models (Lillehoj et al., 2012; Lillehoj et 

al., 2015; Lillehoj et al., 2019), shed MUC1-ED was desialylated in bleomycin-challenged mice, 

and C9-BA-DANA inhibited MUC1-ED desialylation (Fig. 5B). This is the first demonstration of 
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NEU1-mediated MUC1-ED desialylation and shedding in the bleomycin model, which forms the 

basis for future exploration of possible mechanistic contributions of shed MUC1-ED. 

Effect of NEU1-selective inhibition with CG33300 in acute bleomycin injury 

model 

To further support the benefit of therapeutic NEU1-selective inhibition in pulmonary fibrosis, 

we utilized a distinct NEU1-selective inhibitor, CG33300 (Guo et al., 2018). Similar to C9-BA-

DANA (Fig. 3), CG33300 inhibited neuraminidase catalytic activity in vivo (Fig. 6A). In the acute 

bleomycin injury model, therapy with CG33300 that was started on day 7 after bleomycin 

challenge reversed the bleomycin-induced loss of body weight (Fig. 6B), attenuated bleomycin-

provoked pulmonary lymphocytosis (Fig. 6C), and diminished accumulation of collagen in the 

lung tissue (Fig. 6D). These data indicate that two distinct NEU1-selective inhibitors each 

attenuate the severity of bleomycin-induced injury, thus expanding therapeutic options for NEU1 

targeting in pulmonary fibrosis as well as mitigating the risks of inadvertent side effects of broad-

spectrum neuraminidase inhibition. 
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Discussion 

Early reports noted elevated sialidase activity in patients with diseases associated with 

fibrosis, including IPF, scleroderma, and sarcoidosis (Lambre et al., 1988; Komleva et al., 

1995). We have recently reported that NEU1 is a central driver of pulmonary fibrosis, which acts 

by influencing diverse lung cell types (Luzina et al., 2016). Elevated NEU1 expression drives 

pulmonary inflammation and fibrosis in vivo and introduces profibrotic cellular phenotypes in 

culture (Luzina et al., 2016). How these profibrotic activities are mediated is unknown. Others 

have extended our findings by demonstrating elevated expression of NEUs in the bleomycin 

model (Karhadkar et al., 2017) and suggested a profibrotic contribution from NEU3 (Karhadkar 

et al., 2020). Our finding of elevated NEU3 mRNA in patients with IPF (Fig. 2A) do not exclude 

such a contribution. In light of these existing reports, it was not surprising to find that the pan-

neuraminidase inhibitor, DANA, was protective in the acute bleomycin model in mice (Fig. 1). 

We then tested which of the four neuraminidases is more likely to play a role in pulmonary 

fibrosis and observed that NEU1 was predominantly expressed. Furthermore, NEU1 was 

elevated in the lungs of human patients with IPF, in their pulmonary fibroblasts, as well as in the 

lungs of bleomycin-challenged mice (Fig. 2). The NEU1 chaperone and binding partner, PPCA, 

was also elevated at both mRNA and protein levels (Fig. 2). These findings raised the possibility 

that NEU1-selective inhibition may be therapeutic similar to pan-neuraminidase inhibition (Fig. 

1). Two such NEU1-selective inhibitors have been recently reported, including C9-BA-DANA 

(Magesh et al., 2008; Hyun et al., 2016; Lillehoj et al., 2019) and CG33300 (Guo et al., 2018; 

Howlader et al., 2020). Both compounds exploit modifications at the C9 position of the DANA 

scaffold based on structural selectivity-based hypotheses, but no related structural data for 

NEU1 is available. Indeed, the NEU1-selective inhibitor, C9-BA-DANA, was protective in both 

the acute and chronic bleomycin injury models in mice (Fig. 4). This inhibitor also attenuated 
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MUC1-ED desialylation and shedding (Fig. 5). A distinct NEU1-selective inhibitor, CG33300, 

was similarly protective in the acute bleomycin injury model (Fig. 6). 

Thus, NEU1-selective inhibition is as effective as broad-spectrum inhibition of total 

neuraminidase activity for the protection against bleomycin-provoked pulmonary fibrosis. The 

more precise targeting of a single neuraminidase, NEU1, arguably minimizes the risk of 

potential adverse effects associated with non-selective inhibition of NEU2 – 4. In fact, no toxic 

effects of NEU1 inhibition with C9-BA-DANA or CG33300 were observed in this study with the 

doses tested within the experimental timeframe. Inhibitors which target different NEU 

isoenzymes have shown disparate effects when tested in vitro (Howlader et al., 2020).  

Our findings are translationally relevant as they form the basis for the development of 

innovative therapies for pulmonary inflammation and fibrosis. However, the mechanisms 

through which NEU1 expression contributes to pulmonary fibrosis remain unclear. Our earlier 

findings suggested that higher NEU1 levels promote profibrotic phenotypes in multiple 

pulmonary cell types—epithelial, endothelial, stromal, immune—all known to contribute to 

fibrosis. On the molecular level, NEU1 may facilitate fibrosis by targeting sialic (neuraminic) acid 

residues that often occupy the outermost positions of protein glycan chains. The highly 

electronegative sialic acid influences protein tertiary conformation and, in its terminal location, is 

strategically positioned to influence intermolecular and cell–cell interactions through steric 

hindrance and/or electrostatic repulsion. Desialylation of a glycoprotein may mask or unmask 

cryptic binding sites, leading to functional consequences (Li and Chen, 2012; Miyagi and 

Yamaguchi, 2012). A number of sialoproteins that reportedly contribute to pathogenesis of 

interstitial lung disease are established NEU1 substrates including EGFR (Liu et al., 2011; 

Lillehoj et al., 2012), PDGFR (Hinek et al., 2008), TLRs 4, 7, and 9 (Meneghin et al., 2008; 

Amith et al., 2010; Trujillo et al., 2010; Abdulkhalek et al., 2011; Samara et al., 2012; 

Abdulkhalek and Szewczuk, 2013; Bhattacharyya et al., 2013), Fas/FasL (Suzuki et al., 2003; 
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Wynes et al., 2011; Wallach-Dayan et al., 2015), integrins αVβ3 and αVβ5 (Luzina et al., 2009; 

Munger and Sheppard, 2011; Chiodelli et al., 2012), CD31 (Lee et al., 2014a), CD44 (Teder et 

al., 2002; Katoh et al., 2010; Li et al., 2011; Faller and Guvench, 2014), as well as the ligands 

for CD62L (Hamaguchi et al., 2002; Rosen, 2004). Additionally, increased NEU activity may 

mediate inflammation by distorting glycosphingolipid metabolism (Nowling et al., 2015; Nowling 

et al., 2020). These previous observations implicate neuraminidases as important 

pathophysiological regulators of pulmonary inflammation and fibrosis. 

Our findings presented in Fig. 5 suggest that NEU1 may mediate pulmonary fibrosis through 

a recently proposed, but as yet not fully understood, mechanism that is based on an airway 

mucin, MUC1. We discovered that MUC1 is a NEU1 substrate and that increased levels of 

soluble MUC1-ED, also referred to as KL-6, offer an indirect but specific measure of NEU1 

catalytic activity (Lillehoj et al., 2015; Lillehoj et al., 2019). KL-6 has also been extensively 

utilized as a biomarker for pulmonary fibrosis (Yokoyama et al., 2006; Wakamatsu et al., 2017; 

Ishii et al., 2018; Raghu et al., 2018). Therefore, elevated NEU1-mediated MUC1-ED 

desialylation and shedding may explain the commonly accepted association of fibrosis with 

elevated KL-6. We have expanded these findings further and consequently propose that 

elevated NEU1 acts as a facilitator of desialylation and shedding of MUC1, which then acts as a 

mechanistic profibrotic contributor (Xu et al., 2013; Ballester et al., 2019; Ballester et al., 2020; 

Milara et al., 2020). 

In summary, NEU1-selective inhibition offers anti-inflammatory and antifibrotic therapeutic 

effects in the acute and chronic bleomycin models, likely by modulating multiple cellular and 

molecular mechanisms. Further development of NEU1-selective inhibitors has the potential to 

bring them to first-in-human trials and, ultimately, to approval as a new class of anti-

inflammatory and anti-fibrotic therapies.  
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Figure Legends 

Figure 1. Pan-neuraminidase inhibition attenuates bleomycin-induced acute lung 

injury in mice. Mean ± SD values are shown in panels A – D. (A) Administration of DANA in 

vivo inhibits total neuraminidase activity, measured in arbitrary fluorescence units, in mouse 

lungs, 4 animals per group. Single asterisk denotes the basal neuraminidase activity signal 

versus no-tissue (p < 0.05), whereas double asterisk indicates a significant (p < 0.05) DANA-

mediated decrease in total neuraminidase activity in the lung tissue. (B) Time-dependent 

changes in total body weight after intratracheal bleomycin challenge on day 0, followed by 

therapy with daily PBS placebo (red) or DANA (blue) intraperitoneal injections starting on day 7 

(arrow). Asterisks indicate significant recovery of body weight in response to DANA treatment (p 

< 0.05). (C) Total and differential cell counts in bronchoalveolar lavage samples from mouse 

lungs on day 14 after bleomycin instillation followed by therapy with PBS or DANA, 3 to 9 

animals per group. Single asterisks indicate significant (p < 0.05) increases in bleomycin-

challenged animals compared to PBS controls, whereas double asterisks indicate significant (p 

< 0.05) decreases in DANA-treated compared to PBS-treated bleomycin-challenged animals. 

(D) Collagen mRNA levels for COL1A2 and COL3A1 normalized to 18S rRNA levels in mouse 

lung homogenates measured by qRT-PCR, 3 to 5 animals per group, on day 14 after the 

bleomycin challenge. Single asterisks indicate significant (p < 0.05) increases in bleomycin-

challenged animals compared to PBS controls, whereas double asterisks indicate significant 

decreases (p < 0.05) in DANA-treated compared to PBS-treated bleomycin-challenged animals. 

(E) Collagen protein, μg per mg of wet lung tissue measured by the QuickZyme assay on day 

14 after the bleomycin challenge. Circles represent individual mice. Single asterisks indicate 

significant (p < 0.05) increases in bleomycin-challenged mice and double asterisks indicate 

significant (p < 0.05) decreases induced by DANA therapy. (F) Representative Masson’s 
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trichrome staining of lung tissue sections from mice challenged with intratracheal PBS or 

bleomycin and treated with PBS or DANA, as indicated, on day 14.   

Figure 2. Neuraminidase and PPCA expression in lung tissues and fibroblasts. Human 

lung tissues (A) and primary lung fibroblasts (B) from healthy controls (Ctrl) and patients with 

IPF were analyzed using qRT-PCR for indicated neuraminidases. Each symbol indicates a 

separate donor of lung tissues or fibroblasts. Lung tissues from PBS-challenged control and 

bleomycin challenged mice were also analyzed for neuraminidase and PPCA mRNA levels (C), 

with each symbol indicating a separate mouse. In panels A – C, asterisks indicate significant (p 

< 0.05) differences from the corresponding controls. Immunoblotting assays of lung 

homogenates revealed elevations in NEU1 and PPCA protein levels in bleomycin-challenged 

mice (D); GAPDH-normalized band densities are indicated below corresponding lanes. 

Figure 3. NEU1-selective inhibition with C9-BA-DANA attenuates bleomycin-induced 

acute lung injury in mice. Mean ± SD values are shown in panels A – C. (A) Administration of 

C9-BA-DANA in vivo inhibits total neuraminidase activity, measured in arbitrary fluorescence 

units, in mouse lungs, 4 animals per group. Single asterisk denotes the basal total 

neuraminidase activity signal versus no-tissue (p < 0.05), whereas double asterisk indicates a 

significant (p < 0.05) DANA-mediated decrease in total neuraminidase activity in lung tissue. (B) 

Time-dependent changes in total body weight after intratracheal bleomycin challenge on day 0, 

followed by therapy with daily PBS placebo (red) or C9-BA-DANA (blue) intraperitoneal 

injections starting on day 7 (arrow). Asterisks indicate significant (p < 0.05) recovery of body 

weight in response to C9-BA-DANA treatment. (C) Total and differential cell counts in 

bronchoalveolar lavage samples from mouse lungs on day 14 after bleomycin instillation 

followed by therapy with PBS or C9-BA-DANA, 4 to 10 animals per group. Single asterisks 

indicate significant (p < 0.05) increases in bleomycin-challenged animals compared to PBS 

controls, whereas double asterisks indicate significant decreases (p < 0.05) in C9-BA-DANA-
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treated compared to PBS-treated bleomycin-challenged animals. (D) Collagen protein, μg per 

mg of wet lung tissue measured based on hydroxyproline assay (QuickZyme) on day 14 after 

the bleomycin challenge. Circles represent individual mice. Single asterisks indicate significant 

(p < 0.05) increases in bleomycin-challenged mice and double asterisks indicate significant (p < 

0.05) decreases induced by C9-BA-DANA therapy. (E) Representative Masson’s trichrome 

staining of lung tissue sections from mice challenged with intratracheal PBS or bleomycin and 

treated with PBS or C9-BA-DANA, as indicated, on day 14.   

Figure 4. NEU1-selective inhibition with C9-BA-DANA has a long-lasting therapeutic 

effect. Panels A – C show findings in the acute injury model up to day 21 after bleomycin 

instillation, whereas panels D and E show findings in the chronic bleomycin challenge model. 

Mean ± SD values are shown in panels A and D, whereas circles represent individual mice in 

panels B, C, and E. In panels A and D, asterisks indicate significant (p < 0.05) recovery of body 

weight in response to C9-BA-DANA treatment. In panels B, C, and E, single asterisks indicate 

significant (p < 0.05) increases in collagen levels in bleomycin-challenged mice and double 

asterisks indicate significant (p < 0.05) decreases induced by C9-BA-DANA therapy. (A) Time-

dependent changes in total body weight after intratracheal bleomycin challenge on day 0, 

followed by therapy with daily intraperitoneal injections of PBS placebo (red) or indicated doses 

of C9-BA-DANA starting on day 7 (arrow). (B) Collagen protein, μg per mg of wet lung tissue 

measured based on hydroxyproline assay (QuickZyme) on day 14 after the bleomycin challenge 

with and without treatment with indicated doses of C9-BA-DANA. (C) Collagen protein, μg per 

mg of wet lung tissue measured based on hydroxyproline assay (QuickZyme) on day 21 after 

the bleomycin challenge with and without treatment indicated doses of C9-BA-DANA. (D) Time-

dependent changes in total body weight in mice challenged with repeated intraperitoneal 

injections of bleomycin throughout the study period. Therapy with PBS placebo (red) or C9-BA-

DANA (blue) was started on day 14 (arrow). Mice infused with PBS alone and treated with C9-
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BA-DANA are shown in green. (E) Collagen protein, μg per mg of wet lung tissue measured with 

the hydroxyproline assay (QuickZyme) on day 33, with and without treatment with C9-BA-

DANA. 

Figure 5. NEU1-selective inhibition with C9-BA-DANA attenuates bleomycin-induced 

MUC1-ED shedding and desialylation. Mice were intratracheally challenged with bleomycin or 

PBS, and then treated with C9-BA-DANA or with PBS, as shown. Bronchoalveolar lavage fluids 

were collected on day 14 after bleomycin challenge (day 7 of treatment) and analyzed for total 

MUC1-ED by ELISA (A) and for desialylated MUC1-ED by PNA pull-down with subsequent 

western blotting for the MUC1-ED (B). In panel B, mice from three independent experiments are 

shown, with the bar graph on the right showing mean ± SD band densities. 

Figure 6. NEU1-selective inhibition with CG33300 attenuates bleomycin-induced acute 

lung injury in mice. Mean ± SD values are shown in panels A – C. (A) Administration of 

CG33300 in vivo inhibits total neuraminidase activity, measured in arbitrary fluorescence units, 

in mouse lungs, 4 animals per group. Single asterisk denotes the basal total neuraminidase 

activity signal versus no-tissue (p < 0.05), whereas double asterisk indicates a significant (p < 

0.05) CG33300-mediated decrease in total neuraminidase activity in the lung tissue. (B) Time-

dependent changes in total body weight after intratracheal bleomycin challenge on day 0, 

followed by therapy with daily PBS (red, placebo) or CG33300 (blue) intraperitoneal injections 

starting on day 7 (arrow). Asterisks indicate significant (p < 0.05) recovery of body weight in 

response to CG33300 treatment. (C) Total and differential cell counts in bronchoalveolar lavage 

samples from mouse lungs on day 14 after bleomycin instillation followed by therapy with PBS 

or CG33300, 3 to 7 animals per group. Single asterisks indicate significant (p < 0.05) increases 

in bleomycin-challenged animals compared to PBS controls, whereas double asterisks indicate 

significant (p < 0.05) decreases in CG33300-treated compared to PBS-treated bleomycin-

challenged animals. (D) Collagen protein, μg per mg of wet lung tissue measured with the 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 2, 2020 as DOI: 10.1124/jpet.120.000223

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


 

Page 36 of 36 

hydroxyproline assay (QuickZyme) on day 14 after the bleomycin challenge. Circles represent 

individual mice. Single asterisks indicate significant (p < 0.05) increases in bleomycin-

challenged mice and double asterisks indicate significant (p < 0.05) decreases induced by 

CG33300 therapy.  
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