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Airway mucus in infection
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The mucosa of the airways is under a near-constant barrage of contaminants, 
allergens, and pathogens that can accumulate and cause irritation or infection 
if not promptly removed. Mucus, composed of a mucin glycoprotein mesh, 
protects the airways from these contaminants by entrapment and removal. 
Several diseases stall the protection provided by the mucus by altering its 
components and biophysical properties. This review provides an overview of 
how the defensive mucus of the airways functions in health, how the mucus 
can fail to clear with muco-obstructive lung diseases, how mucins respond 
to pathogens that infect the mucus, how the molecular signals of mucin 
secretion function, and how therapeutics may improve morbidity and mortality 
for people with muco-obstructive lung disease. Recent studies of the spatial 
organization of mucin-producing cells have led to new understanding of the 
difference between constitutive MUC5B production by superficial epithelial cells 
and between trigger-induced production and secretion by the goblet cells 
and submucosal glands. The coordination of mucin production and secretion 
with ion and water homeostasis is discussed to evaluate how changes in 
sodium, calcium, bicarbonate, and chloride are responsible for failures of mucin 
unfolding and the subsequent biophysical properties of the mucus. Rheological 
and inflammatory characteristics of the muco-obstructive lung diseases are 
compared to determine how the defect in mucus clearance leads to distinct 
morbidity and mortality with attention paid to the microbial pathogens prevalent 
between groups. The distinctions between the molecular mechanisms of mucin 
production and secretion within muco-obstructive lung diseases are discussed 
with a focus on several cytokines such as IL-1β, secretagogues like ATP, and 
protein chaperones such as ERN2. Pathogenic induction of mucin production 
and secretion are discussed with primary focus on bacterial mediators. Finally, 
established and novel therapies for muco-obstructive lung diseases are discussed 
for potential at improving mucociliary clearance defects and for reducing 
exacerbation. 
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Mucus in the airway

The mucosal surfaces of the airway come into contact and interact with the outside 
world in unique ways compared to other surfaces such as the skin. The mucosa are open 
to fragile areas of the body and so must handle the influx of debris and pathogens to 
prevent disruption of gas exchange. The key to this functionality is the presence of the 
eponymous mucus. Mucus is a hydrogel composed of 98% water, with mucins, DNA 
from sloughed host cells and lysed bacteria, globular host proteins, lipids, and host and 
pathogen cell debris comprising the remaining 2% (Potter et al., 1967; Yuan et al., 2015;
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Lethem et al., 1990; Lamblin et al., 1984). Mucins are glycoproteins 
composed of a protein backbone that is heavily O-glycosylated 
at the hydroxyl oxygen of the serine and threonine amino acids 
(Lamblin et al., 1984; Slayter et al., 1984; Rose et al., 1984). 
Mucins are high molecular weight due to the combination of 
polymerization of the mucin peptides and due to glycosylation 
adding many long, complex, branching chains of sugars to the 
peptide backbone (Thornton et al., 1990; Breg et al., 1987). The 
pattern of specific glycosylation for mucins has been investigated, 
finding a wide diversity of branching sugars with multiple 
terminal sugars (Lamblin et al., 1984; Slayter et al., 1984; 
Klein et al., 1988; Lamblin et al., 1991). Common terminal 
sugars are N-acetylneuraminic acid (sialic acid) and fucose with 
sulfation of these terminal sugars providing many combinations 
(Lamblin et al., 1984; Breg et al., 1987; Klein et al., 1988; 
Lamblin et al., 1991). The diversity of glycosylation present on 
mucins is vast and complex–depending on cell type, tissue type, and 
disease state (Barasch et al., 1991; Harris et al., 2024).

Inside the cell, mucins are densely packed into granules and 
can be secreted in consistent and continuous amounts to maintain 
homeostasis, as well as released in large quantities under stress 
stimuli such as from allergens or pathogens (Klinger et al., 1984; 
Neveu et al., 2009). When mucins are released into the airway, 
the proteins, which were tightly packed due to electrostatic 
interactions between the negatively-charged mucins, calcium, 
and hydrogen ions, begin to unfurl through replacement of the 
calcium with sodium ions and are swept along the epithelium 
by ciliary beating (Kesimer et al., 2010; Ermund et al., 2017; 
Ermund et al., 2018; Espinosa et al., 2002). Unfolding of mucins 
is dependent on concentrations of bicarbonate, calcium, and 
sodium in the airway with high concentrations of extracellular 
calcium, acidic pH, or hyperabsorption of sodium preventing 
unfolding of the gel-forming mucins (Kesimer et al., 2010; 
Espinosa et al., 2002; Livraghi-Butrico et al., 2013; Perez-
Vilar et al., 2005; Garcia et al., 2009; Yang et al., 2013).

In the airways, the main mucin secreting bodies are submucosal 
glands containing mucous and serous cells, goblet cells, and club 
epithelial cells with expression of mucins being region-specific 
(Okuda et al., 2019). The primary secreters of homeostatic mucin are 
CCSP+ (SCGB1A1) club cells on the epithelia (Okuda et al., 2019; 
Hill et al., 2022). When responding to stress such as pathogen 
irritation or under mechanical induction via cough, goblet cells 
and submucosal glands release mucins from granules into the 
airway lumen. Submucosal glands typically secrete MUC5B, and 
goblet cells typically secrete MUC5AC in the proximal airways 
(Hovenberg et al., 1996; Groneberg et al., 2002). Superficial epithelial 
cells have also been found to strongly express MUC5B down 
into the distal bronchioles with significantly reduced MUC5AC 
in the distal airways overall (Okuda et al., 2019). In the terminal 
bronchioles, CCSP + club cells were not found to express either 
type of mucin and instead produced higher levels of surfactant 
proteins (Okuda et al., 2019). The smaller airways lead down 
into the alveoli where gas exchange occurs and where surfactants 
are increasingly required to prevent airway collapse during 
exhalation (Possmay et al., 2001).

When pathogens or other debris are trapped by mucus, ciliary 
beating pushes the mucus up the airways toward the trachea where 
the mucus is either swallowed and destroyed in the stomach or 

coughed out – a process termed mucociliary clearance (Iravani and 
Van As, 1972; Blake, 1975). Cilia act on mucus by moving in a 
metachronal waveform – an effective, or active, stroke that pushes 
mucus forward followed by a recovery stroke where the cilium slows 
down and curves away from the direction of the prior active stroke 
before beginning a new active stroke (Liu et al., 2014; Mitran, 2007). 
Without cilia to propel mucus up the airway, mucus would follow the 
force of gravity and pool in the lower airways – requiring the backup 
cough mechanism to clear (Bush et al., 2006; Möller et al., 2006). 
Cilia are capable of propelling mucus against gravity, but they are 
extremely sensitive to the viscosity and elasticity of the mucus 
(Blake, 1975; Liu et al., 2014; King, 1987; Tambascio et al., 2013; 
Girod et al., 1992). As viscosity is a measure of the ability of 
mucus to disperse energy and prevent flow, mucus that is too 
viscous can flatten the delicate cilia under the osmotic pressure and 
weight such that their waveform is ineffective or entirely blocked 
(Liu et al., 2014; Tambascio et al., 2013). High elasticity, as a 
measure of the ability of the mucus to store energy, can also prevent 
cilia from beating effectively by allowing a complete waveform 
but preventing sustained forward motion (Liu et al., 2014; Pino-
Argumedo et al., 2022). It is important to note, however, that mucus 
with low viscosity would also be ineffective at clearing debris and 
pathogens, while mucus with low elasticity would prevent cilia 
from being able to propel the mucus forward. The rare case of 
bronchorrhea, where excess watery mucus is produced and typically 
causes prolonged cough, represents a case of mucus too thin for cilia 
to clear (Shimura et al., 1988; Bhagat et al., 2022; Rubin et al., 1991).

The other clearance mechanism available to the airway is 
coughing. The increased internal air pressure within the airway 
during a cough applies forces which can propel the mucus at 
high speed. Mucus can be sheared off the epithelium, determined 
by adhesive strength, or sheared apart from itself, determined by 
cohesive strength (Button et al., 2018). Importantly, viscosity and 
elasticity also play a role in the ability of the cough clearance 
mechanism to function. Mucus that is high in viscosity or elasticity 
may require higher than normal air pressure and shear forces to 
dislodge or tear apart and so may be resistant to cough clearance 
as well as ciliary clearance (King, 1987; Tambascio et al., 2013; 
Girod et al., 1992; Pillai et al., 1992).

Mucus acts both as a clearance mechanism through ciliary 
action and cough expulsion as well as a physical barrier blocking 
access to the epithelial layer. The dense, heavily branched nature 
of mucins helps block diffusion by creating a mesh with very 
fine pores (Button et al., 2012; Cone, 2009; Linssen et al., 2021). 
The upper layers of mucus containing secreted mucins (e.g., 
MUC5AC, MUC5B) block larger debris while the mucins associated 
with proximity to the epithelium, known as membrane-tethered 
mucins (e.g., MUC1, MUC4, MUC16), block access to the cilia 
and its underlying epithelium for debris down to 40 nm in size 
(Button et al., 2012; Kesimer et al., 2013). The glycosylation of the 
mucins also provides a physical and electrochemical barrier as the 
sugars interact with moieties on the surface of bacteria and viruses 
to bind and hold them in place – slowing diffusion rates and reducing 
the effectiveness of microbial motility (McAuley et al., 2017; 
Chatterjee et al., 2023; Fernández-Blanco et al., 2018). Tethered 
mucins help support the cilia during their metachronal wave 
pattern and against the osmotic pressure changes from water 
flowing between the mucus and epithelium (Button et al., 2012; 
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Kesimer et al., 2013; Henderson et al., 2014). As with the 
physical trapping of debris within the sugars through physical 
and electrochemical interactions, host defenses released into the 
mucus can be immobilized by mucins as well. The airway and its 
resident immune cells produce antimicrobials (e.g., defensins) as 
well as immunoglobulins (e.g., IgG or sIgA) that can be effective 
at weakening, killing, or trapping bacteria, fungi, and viruses 
(Bals et al., 1998; Collin et al., 2020; Salathe et al., 2002). These 
antimicrobials and immunoglobulins can also be trapped in the 
mucus at the tethered mucin and secreted mucin layers, and this 
can be beneficial as it prevents the host defenses from being diffused 
away from the microbial targets. Another physical homeostasis 
function that mucus and its mucins perform in the airway is the 
maintenance of osmotic pressure and hydration (Girod et al., 1992; 
Henderson et al., 2014). The extensive glycosylation of the mucins 
means that they are highly hydrophilic and help to maintain the 
mucus as a gel-like fluid (Crouzier et al., 2015).

Mucus in disease

As mucus is critical to defend the airways, dysfunction of 
the mucus layer can be long-lasting and detrimental to overall 
health (Konietzko, 1986). Dysfunction of the mucus often leads 
to plugging of the airways and chronic infection and thus are 
named muco-obstructive pulmonary diseases. Some common 
endotypes of these diseases, with similar presentations but 
differing etiologies, include cystic fibrosis (CF), chronic obstructive 
pulmonary disease (COPD), primary ciliary dyskinesia (PCD), 
and non-CF bronchiectasis (NCFB). Asthma, previously less 
associated with the other muco-obstructive lung diseases despite 
mucus plugging and infectious exacerbations, is now considered 
another endotype (Dunican et al., 2018a; Dunican et al., 2018b). 
The cumulative incidence of chronic respiratory disease is 
around 544.9 million people worldwide with COPD accounting 
for around 55% of the cases of chronic respiratory disease 
(GBD Chronic Respiratory Disease Collaborators, 2020). Asthma 
affects around 262 million people worldwide (WHO, 2024). 
However, CF, PCD, and NCFB are rarer with incidences ranging 
from 1 in 20,000 for PCD, between 50 and 1,000 in 100,000 
for NCFB, and around 160,000 individuals with CF worldwide 
(Nigro et al., 2024; Guo et al., 2022; Kuehni et al., 2010). Chronic 
respiratory diseases are one of the leading causes of morbidity and 
mortality worldwide with many efforts focused on understanding 
the mechanisms underlying and treatments for these diseases. 
The mortality from muco-obstructive lung diseases comes from a 
combination of respiratory decline due to lung infection, persistent 
inflammation, airway damage, and obstructive mucus plugs 
(Goeminne et al., 2014; Courtney et al., 2007; Shah et al., 2016; Berry 
and Wise, 2010).

Cystic fibrosis is one of the more well-understood chronic 
respiratory diseases due to its unique genetic background. CF is 
caused by recessive mutations in the cystic fibrosis transmembrane 
conductance regulator (CFTR) gene that then lead to incomplete 
transport to the membrane or malfunctioning of the CFTR protein 
(Van Goor et al., 2009; Welsh and Smith, 1993). CFTR is an 
ATP-controlled ion channel that moves chloride and bicarbonate 
ions out of the cell to help maintain hydration of the airway 

(Bear et al., 1992). Malfunctioning or missing CFTR leads to 
dysregulation of overall ion levels and hydration of the mucus. 
The failure of chloride and bicarbonate to be transported across 
the cell leads to increased sodium absorption and can prevent the 
exchange of calcium for sodium required to unfold mucins properly 
(Livraghi-Butrico et al., 2013; Boucher et al., 1988). Increased 
mucin secretion, flattening of the cilia under dehydrated, viscous 
mucus, and inflammatory responses are responsible for the mucus 
obstruction that occurs in CF (Figure 1). (Kato et al., 2022) As 
the mucins are secreted and insufficiently hydrated, the viscosity 
and elasticity of the mucus increase and make mucociliary 
and cough clearance more difficult (Tambascio et al., 2013; 
Batson et al., 2022; Ma et al., 2018; Tipirneni et al., 2018). The 
pathogens most commonly identified in people with CF change 
with age. Bacteria like Haemophilus influenzae and Staphylococcus 
aureus are more prevalent with younger people, and Pseudomonas 
aeruginosa is one of the most prevalent and most dangerous 
for older people with CF. (Cystic Fibrosis Foundation, 2021; 
Cystic Fibrosis Foundation, 2024; Ramphal, 1990; Schwab et al., 2014) 
Eradication is difficult for many of these pathogens due to the 
increased viscoelasticity of the mucus, antibiotic resistance of 
the bacteria, and antibiotic tolerance from biofilm formation of 
bacteria within the mucus (Singh et al., 2000; Landry et al., 2006; 
Greenwald et al., 2024; Wolter et al., 2013). The inflammation 
common to CF is typically neutrophilic whether sterile or induced 
from bacterial infection, resulting in release of DNA and granules 
via NETosis, a process of cell death through which neutrophil DNA 
and granule content “nets” are formed, and contributing to the non-
productive muco-inflammatory cycle and the increased viscosity of 
the mucus (Linssen et al., 2021; Boboltz et al., 2023).

Primary ciliary dyskinesia is also caused by genetic mutations 
in over 40 different genes which result in the loss of ciliary function 
(Afzelius, 1976; Lucas et al., 2020). Loss of ciliary function can be 
from failure to produce cilia, loss of ciliary motor activity, failure 
to complete ciliary waveforms, and more (Möller et al., 2006; 
Lucas et al., 2020; Hornef et al., 2006). In a similar manner to CF, 
the inability to clear mucus through ciliary motion can induce a 
stress response which over-secretes mucin and leads to increased 
viscoelasticity of the mucus (Bush et al., 2006). Both CF and PCD 
result in mucus buildup and eventual plugging of the airways, 
decreasing respiratory efficiency and increasing likelihood of 
infection. As with CF, mutation types can affect severity, but all 
present with increased severity and bacterial infection status with 
advancing age (Wijers et al., 2017). PCD can be more severe at 
birth than CF due to the immediate failure of ciliary clearance, and 
so infants with PCD often present with more respiratory distress 
and develop bronchiectasis with recurrent infections earlier than 
those with CF (Möller et al., 2006; Halbeisen et al., 2018). PCD is 
similarly neutrophilic with neutrophil activity, neutrophil elastase, 
and IL-8 all increased in PCD patients (Bush et al., 2006). As a 
result, sputum viscoelastic properties are similar to CF sputum 
(Bush et al., 2006). A recent study by Nussstein et al. found that 
sputum rheological properties (elastic modulus, viscous modulus, 
and mesh pore size) for people with PCD were most similar to those 
of people with CF who had been on highly-effective modulator 
therapy elexacaftor/tezacaftor/ivacaftor (ETI) for 3 months 
(Nussstein et al., 2026). Additionally, proteomic investigation of 
key inflammatory markers such as DNA, myeloperoxidase, IL-1β, 
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FIGURE 1
Schematic of selected differences in a healthy and a muco-obstructive proximal airway. The airway comprises ciliated, secretory, and goblet cells in the 
schematic. The goblet cells contain granules filled with mucin which are coiled around Ca2+ ions. As the mucin is released into the lumen, Na+ balance 
maintained by ion channels such as the epithelial Na channels (eNaC) replaces the Ca2+ to unfold the mucins. Water and pH balance is maintained by 
the flow of ions through channels such as the CFTR which secretes Cl− and bicarbonate. Resident macrophages and neutrophils regulate the level of 
commensal bacteria. In muco-obstructive lung disease (bottom), dysfunction of ion channels such as CFTR can reduce ion flow – dropping the pH, 
increasing absorption of Na+, and insufficiently hydrating the mucus. Lack of water and Na+ in the lumen prevents untangling of the mucins during 
goblet cell secretion, reduces mucociliary clearance, and prevents pathogen clearance. Increased pathogen abundance activates neutrophils to 
produce NETs which accumulate cellular debris and DNA in the concentrated mucus and further frustrate clearance. Figure generated with 
Biorender.com.

IL-8, and TNF-α were also more similar between the PCD and 
CF after ETI group compared to the higher levels of inflammatory 
markers for people with CF before ETI (Nussstein et al., 2026). 
Bronchiectasis, bronchial wall thickening, mucus plugging, 
atelectasis, and air trapping were all increased in PCD computed 
chest tomography (CT) scans with a tendency for worse presentation 
only in the middle and lower lobes when compared to CF scans 
(Tadd et al., 2019). The pathogens identified in PCD are similar to CF 
but with H. influenzae and Streptococcus pneumoniae more prevalent 
up to adolescence in people with PCD and P. aeruginosa beginning 
to dominate later in adolescence than in CF. (Shah et al., 2016; 
Wijers et al., 2017; Alanin et al., 2015)

Chronic obstructive pulmonary disease is typically acquired 
from prolonged damage to the airways through environmental 
exposures (Yoshida and Tuder, 2007). One of the most common 
factors leading to COPD is a history of smoking, although 
other particulate matter exposures, chemical exposures, respiratory 
infections, chronic bronchitis, asthma, and genetic susceptibility can 
also affect incidence (Yoshida and Tuder, 2007; Szalontai et al., 2021). 
COPD is split into two categories: emphysema and bronchitis 
(Yoshida and Tuder, 2007). While the emphysema state results 
in loss of alveolar spaces and low sputum production, the 
bronchitis phenotype results in narrowing of the airways as 
well as blocking of the alveolar spaces with mucus obstruction 

leading to chronic cough, sputum production, and exacerbations 
(Szalontai et al., 2021; Flenley, 1988; Lin et al., 2020). The 
main pathogens isolated from people with COPD include H. 
influenzae, S. pneumoniae, Moraxella catarrhalis, and P. aeruginosa
(Miravitlles et al., 1999; Groenewegen et al., 2003; Ko et al., 2007; 
Garcia-Vidal et al., 2009; Sibila et al., 2016). Infection with 
P. aeruginosa is lower than other chronic respiratory diseases 
(∼4–20%) but increases the risk of exacerbations and mortality 
in people with COPD (Eklöf et al., 2020). Increased neutrophilic 
inflammation and extracellular DNA from sloughed epithelial 
cells and NETs are also common in COPD and have been 
correlated with COPD pathology regardless of infection-status or 
smoking status (Pedersen et al., 2015). Murine models treating 
elastase generate COPD-like mucus obstruction from goblet cell 
hyperplasia, inflammatory responses, and emphysema (Fernández-
Blanco et al., 2018).

Non-cystic fibrosis bronchiectasis generally presents with 
dilated airways, excess mucus secretion, persistent cough, and 
frequent respiratory infections in similar patterns as other 
muco-obstructive pulmonary diseases (Ramsey et al., 2020; 
Keir and Chalmers, 2021; McShane et al., 2013). Acquisition of 
NCFB can be idiopathic but is associated with increased age 
(McShane et al., 2013). While no cause has been identified, 
tuberculosis or Aspergillus fumigatus infection, asthma, immune 
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deficiencies, pneumonia, and recurrent aspirations are posited as 
potential associations with development of NCFB (Nigro et al., 2024; 
McShane et al., 2013; Pasteur et al., 2010; Kapur et al., 2012; 
Lonni et al., 2015). A study of pediatric patients newly diagnosed 
with NCFB found that H. influenzae, S. pneumoniae, and S. aureus
were among the most common pathogens isolated from the lower 
airway (Kapur et al., 2012). P. aeruginosa was only present in a 
small proportion of this population, but those with P. aeruginosa
infection were more likely to have co-morbidities. Like CF and PCD, 
neutrophilic inflammation was prevalent and associated with higher 
overall inflammation and respiratory infection (Kapur et al., 2012). 
Just as incidence of P. aeruginosa increases with age for CF and PCD, 
people with NCFB are more likely to acquire and maintain chronic 
infection with P. aeruginosa as they age, and this association has 
been linked to higher morbidity and mortality than other pathogens 
common to NCFB infection (Loebinger et al., 2009). People with 
NCFB can also present with COPD or asthma, and those who 
do tend to experience higher levels of exacerbation and mortality 
(Goeminne et al., 2014; Keistinen et al., 1997).

Asthma is acquired through a combination of genetic 
and environmental factors (Beasley et al., 2000; Resiliac and 
Grayson, 2019; Thomsen, 2015). Asthma presents with mucus 
obstruction, hyperreactivity, cough, wheezing, and shortness 
of breath (Beasley et al., 2000; Resiliac and Grayson, 2019). 
Hyperreactivity or asthma attacks are frequently the cause of 
death for people with asthma due to oxygen deprivation and 
respiratory distress from mucus obstruction (Yoshida et al., 2020). 
Infections with asthma tend to be more viral than bacterial 
(Papadopoulos et al., 2011), although a few bacterial species (e.g., S. 
pneumoniae, H. influenzae, Chlamydia pneumoniae and Mycoplasma 
pneumoniae) can be found in chronic infections in the asthmatic 
airway (Iikura et al., 2015). Respiratory syncytial virus (RSV), 
rhinoviruses, influenza viruses, and more can exacerbate wheezing, 
inflammatory responses, and subsequent airway remodeling 
(Iikura et al., 2015; Taussig et al., 2003). In comparison to the 
other muco-obstructive pulmonary diseases where neutrophils 
predominate, asthma inflammatory responses are dominated by 
eosinophils (Dunican et al., 2018a; Carr et al., 2016; Chan et al., 2023; 
Liegeois et al., 2025). Eosinophils are typically responsible for 
destroying parasites or viruses through release of reactive oxygen 
species from granules (Ravin and Loy, 2016). Eosinophil granule 
contents, such as major basic protein (MBP), play a large role 
in the hyperreactive and pro-inflammatory airway of asthma 
as the contents are toxic to both pathogens and host cells, and 
higher eosinophil counts are related to frequency of exacerbations 
(Dunican et al., 2018a; Carr et al., 2016; Green et al., 2002). 
Airway epithelial cells cocultured with eosinophils increased 
MUC5AC secretion directly in an amphiregulin- and TGF-α-
dependent mechanism (Shimizu et al., 2014). Increased mucin 
secretion, particularly MUC5AC, is associated with asthma, and the 
mucus plugs generated by the asthmatic airway are hypothesized 
to be generated by eosinophil peroxidase crosslinking of mucus 
thiol groups to stiffen the mucus gels and prevent clearance 
(Dunican et al., 2018a). This is similar to work hypothesizing that 
the increased oxidative stress from neutrophil NETs and elastase 
increases mucus stiffness in CF and COPD (Uddin et al., 2019).

Across these diseases, the importance of mucus in airway 
defense is clear. The property of mucus that determines 

its transportability is its viscoelasticity (Ma et al., 2018; 
Nielsen et al., 2004). Viscoelasticity is a measurement of how 
substances flow and resist force (Lai et al., 2009). Plugs are 
typically associated with the smaller bronchioles due to their 
small diameter where the shear force from coughing is reduced 
overall and adhesion of the mucus to the walls of the airways 
can block airflow (Chan et al., 2023; Panchabhai et al., 2016; 
Langlands, 1967; Hasani et al., 1994). Mucus plugs can prevent 
gas exchange and are often niches for infectious microorganisms 
to evade immune defenses and chronically infect. There is also a 
vicious inflammatory cycle that persists in muco-obstructive lung 
disease where mucin hypersecretion and insufficient hydration 
lower oxygen availability (hypoxia), triggering inflammatory 
responses that further increase mucin secretion to attempt to 
clear the trapped mucus (Worlitzsch et al., 2002; Fri et al., 2015; 
Cowley et al., 2015). Neutrophils are signaled to the areas of 
inflammation even without infection present, but bacterial presence 
can push this neutrophilic response further, generating more 
oxidative stress from released reactive oxygen species, more 
crosslinking of the mucins from the oxidative stress, and more DNA 
released from dying epithelial and neutrophil cells (Yuan et al., 2015; 
Lethem et al., 1990; Batson et al., 2022; Pedersen et al., 2015; 
Saffarzadeh et al., 2012; Liu et al., 2024). All these inflammatory 
effects compound and make clearing those areas of obstructed 
mucus challenging for the mucociliary apparatus.

Molecular mechanisms of increased 
mucus secretion

Secretion of mucins in the airway is continuous, with induced 
increases in mucin production intracellularly correlating to more 
concentrated mucin secretion, but secretagogues, such as ATP or 
histamine, are responsible for the rapid, complete release of granule 
contents accumulated within mucin-producing cells into the airway 
lumen (Jaramillo et al., 2018). Mucous cell (i.e., goblet, epithelial) 
meta- or hyperplasia in combination with the accumulation of 
mucin protein within mucous cells generate the quantities of 
mucin which create obstructions. The main pathway involved in 
the regulation of mucus production within muco-obstructive lung 
disease is the interleukin-1 (IL-1) family of cytokines and their 
downstream effectors. IL-1β and IL-1α have been strongly associated 
with increased MUC5B and MUC5AC production and secretion 
(Chen et al., 2019; Sponchiado et al., 2023; Fujisawa et al., 2011; 
Lappalainen et al., 2005). These cytokines bind to IL-1R and 
can induce activity of SAM pointed domain containing ETS 
transcription factor (SPDEF) and other downstream regulators 
like anterior gradient 2 (AGR2) and endoplasmic reticulum to 
nucleus signaling 2 protein (ERN2) which mediate mucin folding 
(Chen et al., 2019; Sponchiado et al., 2023; Cloots et al., 2024). 
ERN2 and AGR2 are endoplasmic reticulum stress response proteins 
that manage gene expression of MUC5AC and MUC5B, and 
AGR2 also acts as a chaperone for mucin proteins to ensure 
proper folding (Chen et al., 2019; Cloots et al., 2024). IL-13, 
another cytokine known to induce mucin production, has generally 
been associated with the upregulation of MUC5AC instead of 
MUC5B in human bronchial epithelial cells but has been shown 
to upregulate both MUC5AC and MUC5B in murine models 
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(Zhen et al., 2007; Sponchiado et al., 2024; Whittaker et al., 2002). 
As asthma generally presents with a high MUC5AC to MUC5B 
ratio and high IL-13, IL-13 has been hypothesized as responsible 
for the increased MUC5AC concentration in asthmatic patients 
(Liegeois et al., 2025; Lachowicz-Scroggins et al., 2016). IL-1β, IL-
1α, and IL-13 are also involved in mucous cell differentiation with 
increased expression of these cytokines leading to mucous cell 
metaplasia (Lappalainen et al., 2005; Zhen et al., 2007). Silencing 
RNA (siRNA) knockdown of Muc5b was shown to decrease IL-1β 
levels but did not alter IL-1α levels in a CFTR knockout rat model 
infected with P. aeruginosa after 2 weeks of infection compared to 
rats given siRNA unrelated to Muc5b (Murphree-Terry et al., 2024). 
Knockdown of one factor in the pathway may improve but not fully 
disrupt the muco-inflammatory cycle due to the multifactorial and 
overlapping regulators of mucin secretion.

Additional cytokines and growth factors that are involved in 
mucin expression and secretion include IL-8 (Bautista et al., 2009), 
IL-17A (Fujisawa et al., 2011; Xia et al., 2014), IL-6 
(Neveu et al., 2009; Chen et al., 2003), TNF-α (Fischer et al., 1999; 
Lora et al., 2005; Busse et al., 2005), TGF-α (Shao et al., 2003; 
Baginski et al., 2006), and EGFR (Zhen et al., 2007; Shao et al., 2003; 
Nadel and Burgel, 2001). IL-8 has been shown to act on mucin 
post-translationally through increasing the levels of RNA-
binding proteins to improve stability of the mucin transcripts 
(Bautista et al., 2009). IL-17A and IL-6 caused an increase 
in both MUC5B and MUC5AC gene expression in primary 
tracheal epithelial cells (Chen et al., 2003), and IL-17A caused 
an increase of MUC5AC in primary human bronchial epithelial 
cells through the NF-κB enhancer of MUC5AC gene transcription 
(Fujisawa et al., 2011; Xia et al., 2014). Some cytokines, such 
as TNF-α and TGF-α, increase mucin secretion through the 
interaction of the EGFR and reactive oxygen species pathways 
as well as generation of small nucleotides which trigger mucin 
granule exocytosis such as cyclic-di-GMP, ATP, or cAMP (Perez-
Vilar et al., 2005; Fischer et al., 1999; Okada et al., 2011). TNF-α 
increases mucin secretion through the production of nitric oxide 
and cyclic-di-GMP, induction of the NF-κB pathway, and goblet 
cell metaplasia in mice (Fischer et al., 1999; Busse et al., 2005). 
Pyocyanin produced by P. aeruginosa has been shown to upregulate 
mucin secretion through the activation of the EGFR pathway by 
inducing intracellular reactive oxygen species, triggering cytokine 
production (e.g., IL-1β, IL-1α, IL-6, IL-8, TNF-α), and generating 
EGFR ligands such as TGF-α in epithelial cells (Shao et al., 2003; 
Nadel and Burgel, 2001; Rada et al., 2011).

Mucus in response to infection

Responding to an infection is a balance between destruction 
and removal of the pathogen and survival of the host cells. 
In the lungs, mucus is constantly secreted by epithelial, goblet 
cells, and submucosal glands to maintain clear and clean airways 
(Ermund et al., 2017; Ermund et al., 2018; Ermund et al., 2021). 
When pathogens are detected, through mechanisms like 
pathogen-associated molecular patterns (PAMPs), damage-
associated molecular patterns (DAMPs), or through detection 
of pathogen toxins, mucus-producing cells can dramatically 
increase mucin production and secretion (Rada et al., 2011; 

Smirnova et al., 2003). Submucosal glands are particularly known 
to release their vesicular contents when triggered by pathogens 
(Ermund et al., 2017), and the mucin bundles expand from their 
densely packed, folded state to sweep up and clear pathogens 
out. Commensal bacteria which colonize the lower respiratory 
tract and maintain low bacterial density are similar to those of 
the mouth and upper respiratory tract, likely due to repeated 
microaspirations of the saliva and nasal mucus into the trachea 
(Segal et al., 2016). These bacteria have been shown to induce 
Th17 and neutrophilic responses in the lung mucosa and inhibit 
TLR4 and eosinophilic responses and so may be important in the 
tuning and sensitivity of the respiratory mucosal immune response 
(Segal et al., 2016; Mathieu et al., 2018). With muco-obstructive lung 
disease, the failure of mucociliary clearance mechanisms and the 
shifting of metabolic environments provide a niche for opportunistic 
bacterial pathogens to overwhelm the existing commensal
microbiota.

Gram-negative bacteria, like P. aeruginosa or H. influenzae, 
have several PAMPs and toxins which stimulate inflammatory 
responses. Lipopolysaccharide (LPS) on the outer membrane 
of Gram-negatives are a common PAMP known to induce 
inflammatory responses (e.g., IL-8) and subsequently inducing 
mucin secretion (e.g., MUC5AC, MUC5B) (Smirnova et al., 2003; 
Dohrman et al., 1998; Widdicombe, 1995). The flagellum produced 
by P. aeruginosa has also been shown to increase inflammatory and 
mucin secretion responses (Mohamed et al., 2012). Pyocyanin, a 
virulence factor produced by P. aeruginosa, is a powerful reactive 
oxygen species producer that can kill both competing bacteria 
and nearby host cells, and it has been shown to initiate stress 
responses in ciliated epithelial cells such as triggering increased 
ciliary beat frequency at low doses, decreased ciliary beat frequency 
at high doses, and increased mucin secretion (Rada et al., 2011; 
Ka et al., 1993). Enzymes produced by P. aeruginosa, alkaline 
proteinase and elastase, both cause a dose-dependent increase in 
mucin secretion on ex-vivo rabbit trachea (Klinger et al., 1984; 
Everett et al., 2023). Our lab has also shown that P. aeruginosa
is capable of altering mucus viscoelasticity and transportability 
through production of a mucinase (Costello et al., 2025). Similarly, 
the fimbriae of H. influenzae contribute to mucus binding 
properties, and in a study of H. influenzae attachment, fimbriated 
strains were localized on the epithelium only when the cell layer 
was damaged (Barsum et al., 1995). Lysates of nontypeable H. 
influenzae, containing cytoplasmic proteins that would be released 
during antibiotic treatment or host-mediated lysis, were shown to 
induce MUC5AC gene expression in human lung epithelial cells 
(Wang et al., 2002). Lipoprotein P6, on the outer membrane of H. 
influenzae, was also found to induce MUC5AC gene expression 
in human lung epithelial cells and in mice trachea treated with 
P6 (Chen et al., 2004). Interestingly, mucin is also capable of 
regulation of bacterial functions; works by Wang et al. and Wheeler 
et al. have found that P. aeruginosa senses the glycans present 
on mucins and decreases virulence of P. aeruginosa against other 
bacteria through the inhibition of the type VI secretion system 
(Wheeler et al., 2019; Wang et al., 2021). This decreased virulence 
is suggested by the authors to partially explain why P. aeruginosa
does not predominate in a healthy airway, and shifts in the mucin 
glycosylation patterns or accessibility of the glycans to the sensor are 
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suggested as possibilities for the dominance of P. aeruginosa in CF.
(Wang et al., 2021)

These effects are not limited to Gram-negatives, as cell-
free conditioned media from Streptococcus pneumoniae, a Gram-
positive bacterium, has also been shown to induce mucin secretion 
(Adler et al., 1986). While the mechanism through which S. 
pneumoniae cell-free conditioned media increases mucin secretion 
has not been identified, S. pneumoniae has been shown to use 
neuraminidase, an enzyme that cleaves sialic acid off mucins, to 
alter the mucus layer to allow closer contact with the epithelium 
(Widdicombe, 1995; Montgomery et al., 2025). S. pneumoniae has 
also been shown to be able to cleave MUC16 from tracheobronchial 
cells using a metalloproteinase ZmpC (Govindarajan et al., 2012). 
Staphylococcus aureus, one of the earliest and most persistent 
pathogens found in the lungs of people with CF, has been shown 
to adapt to the lung environment by increasing pro-inflammatory 
cytokine secretion (e.g., TNF-α or IL-8, involved in the mucin 
secretion pathway) through upregulating staphylococcal protein 
A (Spa) (Ramond et al., 2022). The Spl protein of S. aureus has 
also been shown to be involved in spreading of the bacteria into 
both lobes of rabbit lungs and can cleave the tethered MUC16 
off CALU3 epithelial cells (Paharik et al., 2016). One group 
described an increase in MUC5AC and MUC2 gene expression in 
human epithelial cells exposed to S. aureus cell-free supernatants 
(Dohrman et al., 1998), although no direct mechanism for S. aureus
to increase mucin secretion has been described. The mechanisms 
the airways use to detect bacterial pathogens and their toxins 
are numerous and often non-specific. Recognition of pathogen 
presence can yield several responses, including increased mucin 
secretion, increased ciliary beat frequency, and pro-inflammatory 
signaling if bacteria are not cleared effectively by the former 
actions. Alternatively, some pathogens may be able to mimic host 
regulatory pathways to evade or dampen immune responses. One 
such example of this is the activity of the capsular polysaccharide 
produced by Group B Streptococcus (GBS); the bacterium caps 
its sugars with a terminal sialic acid, which is recognized by 
the lectin Siglec-9 on neutrophils as an inhibitory signal, thus 
dampening the ability of the neutrophils to kill the bacteria 
(Carlin et al., 2009; Chang et al., 2014).

Both viral and fungal pathogens may also increase mucin 
secretion. Rhinovirus (RV) and RSV have both been shown to 
increase MUC5AC secretion through epidermal growth factor 
receptor (EGFR) and extracellular ATP release (Okada et al., 2011; 
Singanayagam et al., 2022; Hewson et al., 2010). People infected 
with the hanks type rhinovirus for 5 days were shown to have 
significant increases in mucin secretion determined by alcian 
blue staining in nasal lavages (Yuta et al., 1998). Another study 
done by infecting both asthmatic and non-asthmatic people with 
RV-16 found that RV increases MUC5AC protein secretion and 
transcription over 4 days of infection. Peaks in protein levels were 
seen for non-asthmatic people at 4 days post infection, but the 
asthmatic people had higher baseline and post-infection protein 
levels in their bronchial lavage and bronchial biopsies than the non-
asthmatic group indicating deficits in resolution of the increased 
mucin secretion (Hewson et al., 2010). RSV infection increased 
MUC5AC gene expression and protein production in human 
bronchial epithelial cells (Chi et al., 2022), and a chimera study 
done between the virulent RSV line 19 strain and less virulent RSV 

A2 laboratory strain found that the fusion protein increased IL-
13 levels and mucin secretion in mice when present in the less 
virulent strain (Moore et al., 2009).

Just as bacterial proteinases and toxins can increase pro-
inflammatory mucin secretion, so too can fungi. Work done 
with Aspergillus fumigatus, a fungus that causes Aspergillosis 
and has been associated with acute respiratory distress syndrome 
(ARDS) during the COVID-19 pandemic, showed that A. 
fumigatus increased MUC5AC protein expression and increased 
the activity of tumor necrosis factor-α-converting enzyme (TACE) 
through serine protease cleavage (Oguma et al., 2011). Mucus 
concentration has been shown to impact A. fumigatus with higher 
concentrations of mucin increasing growth and dilutions of the 
mucin decreasing growth (Poore et al., 2025).

Therapeutics

Maintaining a healthy level of mucus is necessary for defense 
against pathogens and other debris in the airways, but as this 
review has discussed, there are several diseases where the mucin 
concentration is elevated and detrimental to health. Treatments 
for muco-obstructive lung diseases do exist, and these treatments 
have vastly improved the lives of some people living with 
these diseases (Table 1). There is no treatment that is completely 
effective at removing all impacts on mucus and infection, however, 
and so research continues on several different classes of therapeutics 
targeting mucus and its pathogens.

Many mucus-targeting therapeutics act by rehydrating and 
cleaving mucins. One of the largest breakthroughs in treating 
CF was the implementation of ivacaftor, a CFTR potentiator, 
which increases CFTR activity by improving the ion channel 
gating (Van Goor et al., 2009). This rescues airway hydration 
and has allowed mucus clearance to be restored. People 
with CF on ivacaftor experienced fewer exacerbation events 
requiring antibiotics and hospitalization (Rowe et al., 2014; 
Rowe et al., 2017; Ramsey et al., 2011). The approval of the 
therapy combining ivacaftor, elexacaftor, and tezacaftor provides 
expanded treatment options for those with misfolded CFTR 
proteins as well since elexacaftor and tezacaftor improve the 
processing and trafficking of CFTR (Donaldson et al., 2024; 
Nichols et al., 2022; Rowe et al., 2017; Veit et al., 2021). A clinical 
study following people with CF on elexacaftor/tezacaftor/ivacaftor 
(ETI) for 6 months found a significant reduction in antibiotic 
use by the end of the study–suggesting a lower prevalence 
of bacterial-induced exacerbations (Nichols et al., 2022). 
An additional clinical study of people beginning ETI found 
significant improvements in mucociliary clearance by radioactive 
isotope tracking (Donaldson et al., 2024). Even with the use 
of highly effective modulator therapies like ETI, bacterial 
infection remains a significant concern for people with CF 
(Cystic Fibrosis Foundation, 2024). Other methods of increasing 
mucus hydration have been direct-acting, such as hypertonic saline 
(HTS). HTS is nebulized to rehydrate mucus through altering 
osmotic pressure. This method can work, but the full efficacy 
appears to be limited to during and shortly after the time of 
nebulization (Bennett et al., 2015). While it can be beneficial, HTS 
has only minor efficacy for CF and even less for NCFB and PCD 
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TABLE 1 Therapeutics improving airway mucus accumulation.

Therapeutic Class Year of 
FDA-approval

Direct or indirect 
mucus clearance

References

Hypertonic saline Mucus thinner 2014 Direct Donaldson et al. (2006), 
Elkins et al. (2006), 
Bennett et al. (2015), 
Paff et al. (2017)

rhDNase (Pulmozyme) Muco-lytic 1990 Direct Fuchs et al. (1994), Daiya and 
Sierra (2023)

N-acetylcysteine Muco-lytic 1963 Direct Batson et al. (2022), 
Conrad et al. (2015)

Carbocysteine Muco-lytic NA Direct Minov et al. (2019)

Elexacaftor/tezacaftor/ivacaftor 
(Trikafta)

CFTR modulator 2019 Indirect Donaldson et al. (2024), 
Nichols et al. (2022)

Denufosol P2Y purinoceptor agonist NA Indirect Accurso et al. (2011), 
Ratjen et al. (2012)

Duramycin Calcium activated chloride 
channel agonist

Off-label Indirect Oliynyk et al. (2010)

(Donaldson et al., 2006; Elkins et al., 2006; Paff et al., 2017). For 
infectious outcomes, treatment with HTS was shown to reduce 
exacerbations overall for people with CF, but it did not alter 
bacterial burden for S. aureus or P. aeruginosa (Elkins et al., 2006). 
Along the same lines as ivacaftor and hypertonic saline, several 
pharmaceutical groups have been pursuing pharmaceuticals that 
target other ion channels to improve mucociliary clearance in a cftr-
independent manner. For example, pharmaceuticals such as ETX001 
(Danahay H. L. et al., 2020), EACT or FACT (Namkung et al., 2011) 
which would increase the activity of TMEM16A, subsequently 
increasing chloride and bicarbonate transport to propel water 
into mucus, or decrease the activity of ENaC, reducing sodium 
transport intracellularly and increasing water retained in mucus, 
could be very beneficial but are still far from public use 
(Livraghi-Butrico et al., 2013; Danahay H. L. et al., 2020; Al-
Hosni et al., 2022; Danahay et al., 2024; Danahay H. et al., 2020). 
P2Y2 receptor agonists, denufosol (Accurso et al., 2011) and 
duramycin (OLIYNYK et al., 2010), were promising for their ability 
to activate alternative chloride secretion pathways, but both of 
these agonists have not been pursued further due to not meeting 
primary study goals of improving FEV1 (Accurso et al., 2011; 
Ratjen et al., 2012) and having a narrow effective concentration 
range, respectively (OLIYNYK et al., 2010).

Mucolytics, or mucus-cleaving agents, are similar to the 
rehydrating efforts of hypertonic saline but with the potential 
for more long-lasting benefits. Recombinant human dornase alfa 
(rhDNase) has been used to break down the excess DNA present 
within the airway mucus for people with CF and has been 
somewhat successful at reducing viscoelasticity of mucus and 
improving clearance, but DNase has not proven beneficial for 
people with NCFB (Pasteur et al., 2010; Fuchs et al., 1994; 
Patarin et al., 2020). Due to the high number of disulfide 
bonds between mucus strands in the concentrated state, efforts 
to reduce these bonds and untangle mucins have involved the 
use of N-acetylcysteine, carbocysteine, and new long-lasting 
reducing agents such as P3001 or MUC-031 (Batson et al., 2022; 

Ehre et al., 2019; Addante et al., 2023). These agents act to 
break apart the mucus bundles from their compacted, tangled 
state to reduce viscoelasticity and improve clearance, but they are 
still in the early stages of testing to determine how effective the 
new mucolytics are compared to the older N-acetylcysteine and 
carbocysteine. N-acetylcysteine treatment has been shown in vitro
to improve RSV outcomes in mucin hypersecretion and viral load 
(Chi et al., 2022). In a clinical trial where people with CF were 
given N-acetylcysteine for 24 weeks and followed for lung function 
and pulmonary exacerbations, N-acetylcysteine maintained baseline 
lung function longer than the placebo group but failed to show 
a significant improvement in exacerbations (Conrad et al., 2015). 
In contrast, a study following people with bronchiectasis given 
carbocysteine for 3 months found reduced exacerbation frequency 
and duration (Minov et al., 2019).

Attempts to modify the molecular basis behind increased mucin 
secretion have also been pursued but with limited success. EGFR 
antagonists are examples of efforts to modify goblet cell formation 
and subsequent mucin secretion, but none have progressed. The 
EGFR antagonists, BIBX 1382 BS (Dittrich et al., 2002) and BIBW 
2948 (Woodruff et al., 2010), had limited efficacy and low tolerance 
by the people using the agent. For people with COPD, long-acting 
muscarinic antagonists (LAMA), which act as bronchodilators, have 
also been shown to reduce mucus secretion (Ramnarine et al., 1996; 
Calzetta et al., 2022; Mullol et al., 1992). The LAMAs, while 
generally proposed to act on smooth muscle, may also act on 
mucus-producing epithelial cells, submucosal glands, goblet cells, 
and even on the inflammatory cells that contribute to the muco-
inflammatory cycle. People on LAMAs with COPD and asthma have 
been reported to improve sputum and cough expectoration and so 
may also have reduced mucus production (Calzetta et al., 2022), 
but these bronchodilators have not been studied sufficiently to 
show a strong effect for people with CF, NCFB, or PCD (Smith 
and Edwards, 2017; Ratjen et al., 2015; Pollak et al., 2025;
Balfour-Lynn et al., 2006).
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Conclusion

Even with the existing mucus hydrators, mucolytics, and 
antibiotics, mucus hyperconcentration and bacterial infection 
remain significant areas of concern for people with muco-
obstructive lung disease. The human airway receives many insults 
from pathogens, pollen, dust, etc., every day that can contribute 
to illness, and people who have predispositions to deficiencies 
in mucus clearance are far more likely to experience an insult 
that tips their airway from maintaining homeostasis to cycling 
indefinitely between mucus hypersecretion, dehydration, plugging, 
and infection. These problems have been improved for people with 
certain cftr mutations with the advent of cftr modulators, but the 
other muco-obstructive diseases still have far to go for therapies that 
will restore mucus back to its protective state. Key questions remain 
regarding the mechanisms behind muco-obstructive lung disease 
and the infections which seize upon the deficient clearance. Does the 
lung microbiota contribute to the risk of developing or the severity 
of muco-obstructive lung disease? What factors of the clearance 
defect (e.g., mucin, ciliary, immune) determine which pathogen 
predominates in the airway? Is remediation of the mucociliary 
clearance defect sufficient to reduce severe exacerbation? Muco-
obstructive lung diseases remain an area of continuing research, 
with improvements in glycomics, metabolomics, genomics, and 
microbiomics providing new methods of investigating these 
questions for targeted therapeutic development.

Author contributions

CC: Writing – original draft, Writing – review and editing. SB: 
Funding acquisition, Supervision, Writing – review and editing. 

Funding

The author(s) declared that financial support was not received 
for this work and/or its publication.

Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that generative AI was not used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in 
this article has been generated by Frontiers with the support of 
artificial intelligence and reasonable efforts have been made to 
ensure accuracy, including review by the authors wherever possible. 
If you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or claim 
that may be made by its manufacturer, is not guaranteed or endorsed 
by the publisher.

References

Accurso, F. J., Moss, R. B., Wilmott, R. W., Anbar, R. D., Schaberg, A. E., Durham, T. 
A., et al. (2011). Denufosol tetrasodium in patients with cystic fibrosis and normal 
to mildly impaired lung function. Am. J. Respir. Crit. Care Med. 183, 627–634. 
doi:10.1164/rccm.201008-1267OC

Addante, A., Raymond, W., Gitlin, I., Charbit, A., Orain, X., Scheffler, A. W., 
et al. (2023). A novel thiol-saccharide mucolytic for the treatment of muco-
obstructive lung diseases. Eur. Respir. J. 61, 2202022. doi:10.1183/13993003.02022-
2022

Adler, K. B., Hendley, D. D., and Davis, G. S. (1986). Bacteria associated with obstructive 
pulmonary disease elaborate extracellular products that stimulate mucin secretion by 
explants of Guinea pig airways. Am. J. Pathol. 125, 501–514.

Afzelius, B. A. (1976). A human syndrome caused by immotile Cilia. Science 193, 
317–319. doi:10.1126/science.1084576

Al-Hosni, R., Ilkan, Z., Agostinelli, E., and Tammaro, P. (2022). The pharmacology of 
the TMEM16A channel: therapeutic opportunities. Trends Pharmacol. Sci. 43, 712–725. 
doi:10.1016/j.tips.2022.06.006

Alanin, M. C., Nielsen, K. G., von Buchwald, C., Skov, M., Aanaes, K., Høiby, 
N., et al. (2015). A longitudinal study of lung bacterial pathogens in patients 
with primary ciliary dyskinesia. Clin. Microbiol. Infect. 21, 1093.e1091–1093.e1097. 
doi:10.1016/j.cmi.2015.08.020

Baginski, T. K., Dabbagh, K., Satjawatcharaphong, C., and Swinney, D. C. 
(2006). Cigarette smoke synergistically enhances respiratory mucin induction 
by proinflammatory stimuli. Am. J. Respir. Cell Mol. Biol. 35, 165–174. 
doi:10.1165/rcmb.2005-0259OC

Balfour-Lynn, I. M., Lees, B., Hall, P., Phillips, G., Khan, M., Flather, M., et al. (2006). 
Multicenter randomized controlled trial of withdrawal of inhaled corticosteroids in 
cystic fibrosis. Am. J. Respir. Crit. Care Med. 173, 1356–1362. doi:10.1164/rccm.200511-
1808OC

Bals, R., Wang, X., Wu, Z., Freeman, T., Bafna, V., Zasloff, M., et al. (1998). Human 
beta-defensin 2 is a salt-sensitive peptide antibiotic expressed in human lung. J. Clin. 
Investigation 102, 874–880. doi:10.1172/JCI2410

Barasch, J., Kiss, B., Prince, A., Saiman, L., Gruenert, D., and Ai-Awqati, Q. (1991). 
Defective acidification of intracellular organelles in cystic fibrosis. Nature 352, 70–73. 
doi:10.1038/352070a0

Barsum, W., Wilson, R., Read, R., Rutman, A., Todd, H., Houdret, N., et al. (1995). 
Interaction of fimbriated and nonfimbriated strains of unencapsulated Haemophilus 
influenzae with human respiratory tract mucus in vitro. Eur. Respir. J. 8, 709–714. 
doi:10.1183/09031936.95.08050709

Batson, B. D., Zorn, B. T., Radicioni, G., Livengood, S. S., Kumagai, T., Dang, H., et al. 
(2022). Cystic fibrosis airway mucus hyperconcentration produces a vicious cycle of 
Mucin, pathogen, and inflammatory interactions that promotes disease persistence. 
Am. J. Respir. Cell Mol. Biol. 67, 253–265. doi:10.1165/rcmb.2021-0359OC

Bautista, M. V., Chen, Y., Ivanova, V. S., Rahimi, M. K., Watson, A. M., and Rose, M. 
C. (2009). IL-8 regulates mucin gene expression at the posttranscriptional level in lung 
epithelial cells. J. Immunol. 183, 2159–2166. doi:10.4049/jimmunol.0803022

Bear, C. E., Li, C., Kartner, N., Bridges, R. J., Jensen, T. J., Ramjeesingh, M., et al. 
(1992). Purification and functional reconstitution of the cystic fibrosis transmembrane 
conductance regulator (CFTR). Cell 68, 809–818. doi:10.1016/0092-8674(92)90155-6

Beasley, R., Crane, J., Lai, C. K. W., and Pearce, N. (2000). Prevalence and etiology of 
asthma. J. Allergy Clin. Immunol. 105, S466–S472. doi:10.1016/S0091-6749(00)90044-7

Bennett, W. D., Wu, J., Fuller, F., Balcazar, J. R., Zeman, K. L., Duckworth, H., et al. 
(2015). Duration of action of hypertonic saline on mucociliary clearance in the normal 
lung. J. Appl. Physiology 118, 1483–1490. doi:10.1152/japplphysiol.00404.2014

Berry, C. E., and Wise, R. A. (2010). Mortality in COPD: causes, risk 
factors, and prevention. COPD J. Chronic Obstr. Pulm. Dis. 7, 375–382. 
doi:10.3109/15412555.2010.510160

Frontiers in Physiology 09 frontiersin.org

https://doi.org/10.3389/fphys.2026.1760997
https://doi.org/10.1164/rccm.201008-1267OC
https://doi.org/10.1183/13993003.02022-2022
https://doi.org/10.1183/13993003.02022-2022
https://doi.org/10.1126/science.1084576
https://doi.org/10.1016/j.tips.2022.06.006
https://doi.org/10.1016/j.cmi.2015.08.020
https://doi.org/10.1165/rcmb.2005-0259OC
https://doi.org/10.1164/rccm.200511-1808OC
https://doi.org/10.1164/rccm.200511-1808OC
https://doi.org/10.1172/JCI2410
https://doi.org/10.1038/352070a0
https://doi.org/10.1183/09031936.95.08050709
https://doi.org/10.1165/rcmb.2021-0359OC
https://doi.org/10.4049/jimmunol.0803022
https://doi.org/10.1016/0092-8674(92)90155-6
https://doi.org/10.1016/S0091-6749(00)90044-7
https://doi.org/10.1152/japplphysiol.00404.2014
https://doi.org/10.3109/15412555.2010.510160
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Costello and Birket 10.3389/fphys.2026.1760997

Bhagat, M., Singh, A., Bazzi, T., and Green, J. (2022). Bronchorrhea, a rare and 
debilitating symptom of lung cancer: case report and review of the treatment. JTO Clin. 
Res. Rep. 3, 100398. doi:10.1016/j.jtocrr.2022.100398

Blake, J. (1975). On the movement of mucus in the lung. J. Biomechanics 8, 179–190. 
doi:10.1016/0021-9290(75)90023-8

Boboltz, A., Yang, S., and Duncan, G. A. (2023). Engineering in vitro models of cystic 
fibrosis lung disease using neutrophil extracellular trap inspired biomaterials. J. Mater 
Chem. B 11, 9419–9430. doi:10.1039/d3tb01489d

Boucher, R. C., Cotton, C. U., Gatzy, J. T., Knowles, M. R., and Yankaskas, J. R. (1988). 
Evidence for reduced Cl- and increased Na+ permeability in cystic fibrosis human 
primary cell cultures. J. Physiology 405, 77–103. doi:10.1113/jphysiol.1988.sp017322

Breg, J., Van Halbeek, H., Vliegenthart, J. F. G., Lamblin, G., Houvenaghel, M.-C., and 
Roussel, P. (1987). Structure of sialyl-oligosaccharides isolated from bronchial mucus 
glycoproteins of patients (blood group O) suffering from cystic fibrosis. Eur. J. Biochem.
168, 57–68. doi:10.1111/j.1432-1033.1987.tb13387.x

Bush, A., Payne, D., Pike, S., Jenkins, G., Henke, M. O., and Rubin, B. K. (2006). Mucus 
properties in children with primary ciliary Dyskinesia: Comparison with cystic fibrosis. 
Chest 129, 118–123. doi:10.1378/chest.129.1.118

Busse, P. J., Zhang, T. F., Srivastava, K., Lin, B. P., Schofield, B., Sealfon, S. C., et al. (2005). 
Chronic exposure to TNF-α increases airway mucus gene expression in vivo. J. Allergy 
Clin. Immunol. 116, 1256–1263. doi:10.1016/j.jaci.2005.08.059

Button, B., Cai, L. H., Ehre, C., Kesimer, M., Hill, D. B., Sheehan, J. K., et al. (2012). A 
periciliary brush promotes the lung health by separating the mucus layer from airway 
epithelia. Science 337, 937–941. doi:10.1126/science.1223012

Button, B., Goodell, H. P., Atieh, E., Chen, Y.-C., Williams, R., Shenoy, S., et al. (2018). 
Roles of mucus adhesion and cohesion in cough clearance. Proc. Natl. Acad. Sci. 115, 
12501–12506. doi:10.1073/pnas.1811787115

Calzetta, L., Ritondo, B. L., Zappa, M. C., Manzetti, G. M., Perduno, A., Shute, J., et al. 
(2022). The impact of long-acting muscarinic antagonists on mucus hypersecretion and 
cough in chronic obstructive pulmonary disease: a systematic review. Eur. Respir. Rev.
31, 210196. doi:10.1183/16000617.0196-2021

Carlin, A. F., Uchiyama, S., Chang, Y.-C., Lewis, A. L., Nizet, V., and Varki, A. (2009). 
Molecular mimicry of host sialylated glycans allows a bacterial pathogen to engage 
neutrophil Siglec-9 and dampen the innate immune response. Blood 113, 3333–3336. 
doi:10.1182/blood-2008-11-187302

Carr, T. F., Berdnikovs, S., Simon, H.-U., Bochner, B. S., and Rosenwasser, L. J. 
(2016). Eosinophilic bioactivities in severe asthma. World Allergy Organ. J. 9, 21. 
doi:10.1186/s40413-016-0112-5

Chan, R., Duraikannu, C., and Lipworth, B. (2023). Clinical associations of mucus 
plugging in moderate to severe asthma. J. Allergy Clin. Immunol. Pract. 11, 
195–199.e192. doi:10.1016/j.jaip.2022.09.008

Chang, Y.-C., Olson, J., Beasley, F. C., Tung, C., Zhang, J., Crocker, P. R., et al. (2014). 
Group B streptococcus engages an inhibitory siglec through sialic acid mimicry to 
blunt innate immune and inflammatory responses in vivo. PLOS Pathog. 10, e1003846. 
doi:10.1371/journal.ppat.1003846

Chatterjee, M., Huang, L. Z. X., Mykytyn, A. Z., Wang, C., Lamers, M. M., 
Westendorp, B., et al. (2023). Glycosylated extracellular mucin domains protect 
against SARS-CoV-2 infection at the respiratory surface. PLoS Pathog. 19, e1011571. 
doi:10.1371/journal.ppat.1011571

Chen, Y., Thai, P., Zhao, Y.-H., Ho, Y.-S., Desouza, M. M., and Wu, R. 
(2003). Stimulation of airway mucin gene expression by interleukin (IL)-
17 through IL-6 Paracrine/Autocrine loop. J. Biol. Chem. 278, 17036–17043. 
doi:10.1074/jbc.m210429200

Chen, R., Lim, J. H., Jono, H., Gu, X.-X., Kim, Y. S., Basbaum, C. B., et al. 
(2004). Nontypeable Haemophilus influenzae lipoprotein P6 induces MUC5AC 
mucin transcription via TLR2–TAK1-dependent p38 MAPK-AP1 and IKKβ-IκBα-
NF-κB signaling pathways. Biochem. Biophysical Res. Commun. 324, 1087–1094. 
doi:10.1016/j.bbrc.2004.09.157

Chen, G., Sun, L., Kato, T., Okuda, K., Martino, M. B., Abzhanova, A., et al. (2019). IL-
1beta dominates the promucin secretory cytokine profile in cystic fibrosis. J. Clin. Invest
129, 4433–4450. doi:10.1172/JCI125669

Chi, L., Shan, Y., and Cui, Z. (2022). N-Acetyl-L-Cysteine protects airway epithelial cells 
during respiratory syncytial virus infection against mucin synthesis, oxidative stress, 
and inflammatory response and inhibits HSPA6 expression. Anal. Cell. Pathol. 2022, 
4846336. doi:10.1155/2022/4846336

Cloots, E., Guilbert, P., Provost, M., Neidhardt, L., Van de Velde, E., Fayazpour, F., 
et al. (2024). Activation of goblet-cell stress sensor IRE1β is controlled by the mucin 
chaperone AGR2. EMBO J. 43, 695–718. doi:10.1038/s44318-023-00015-y

Collin, A. M., Lecocq, M., Noel, S., Detry, B., Carlier, F. M., Aboubakar Nana, F., 
et al. (2020). Lung immunoglobulin A immunity dysregulation in cystic fibrosis. 
eBioMedicine 60, 102974. doi:10.1016/j.ebiom.2020.102974

Cone, R. A. (2009). Barrier properties of mucus. Adv. Drug Deliv. Rev. 61, 75–85. 
doi:10.1016/j.addr.2008.09.008

Conrad, C., Lymp, J., Thompson, V., Dunn, C., Davies, Z., Chatfield, B., et al. (2015). 
Long-term treatment with oral N-acetylcysteine: affects lung function but not sputum 

inflammation in cystic fibrosis subjects. A phase II randomized placebo-controlled trial. 
J. Cyst. Fibros. 14, 219–227. doi:10.1016/j.jcf.2014.08.008

Costello, C., Murphree-Terry, M., Oden, A., Combs, S., Keith, J., and Birket, S. (2025). 
Pseudomonas aeruginosa increases viscoelasticity and decreases transportability of 
artificial mucus. iScience 28, 113265. doi:10.1016/j.isci.2025.113265

Courtney, J. M., Bradley, J., McCaughan, J., O’Connor, T. M., Shortt, C., Bredin, C. P., 
et al. (2007). Predictors of mortality in adults with cystic fibrosis. Pediatr. Pulmonol. 42, 
525–532. doi:10.1002/ppul.20619

Cowley, E. S., Kopf, S. H., LaRiviere, A., Ziebis, W., Newman, D. K., Spormann, 
A., et al. (2015). Pediatric cystic fibrosis sputum can be chemically dynamic, 
anoxic, and extremely reduced due to hydrogen sulfide formation. mBio 6, e00767. 
doi:10.1128/mBio.00767-15

Crouzier, T., Boettcher, K., Geonnotti, A. R., Kavanaugh, N. L., Hirsch, J. B., 
Ribbeck, K., et al. (2015). Modulating mucin hydration and lubrication by 
deglycosylation and polyethylene glycol binding. Adv. Mater. Interfaces 2, 1500308. 
doi:10.1002/admi.201500308

Cystic Fibrosis Foundation (2021). Patient registry 2020 annual data report. Available 
online at:  https://www.cff.org/medical-professionals/patient-registry.

Cystic Fibrosis Foundation (2024). Patient registry 2023 annual data report. Available 
online at:  https://www.cff.org/medical-professionals/patient-registry.

Daiya, K. C., and Sierra, C. M. (2023). Use of dornase alfa in pediatric patients without 
cystic fibrosis. Hosp. Pract. (1995) 51, 89–94. doi:10.1080/21548331.2023.2176041

Danahay, H. L., Lilley, S., Fox, R., Charlton, H., Sabater, J., Button, B., et al. (2020). 
TMEM16A potentiation: a novel therapeutic approach for the treatment of cystic 
fibrosis. Am. J. Respir. Crit. Care Med. 201, 946–954. doi:10.1164/rccm.201908-1641OC

Danahay, H., Fox, R., Lilley, S., Charlton, H., Adley, K., Christie, L., et al. (2020). 
Potentiating TMEM16A does not stimulate airway mucus secretion or bronchial 
and pulmonary arterial smooth muscle contraction. FASEB BioAdvances 2, 464–477. 
doi:10.1096/fba.2020-00035

Danahay, H., and Gosling, M. (2024). “Validation of TMEM16A modulation 
as a therapeutic approach for the treatment of cystic fibrosis: the discovery 
of novel TMEM16A potentiators,” in Ion channels as targets in drug discovery. 
Editors G. Stephens, and E. Stevens (Springer International Publishing), 285–302. 
doi:10.1007/978-3-031-52197-3_9

Dittrich, C., Greim, G., Borner, M., Weigang-Köhler, K., Huisman, H., Amelsberg, A., 
et al. (2002). Phase I and pharmacokinetic study of BIBX 1382 BS, an epidermal growth 
factor receptor (EGFR) inhibitor, given in a continuous daily oral administration. Eur. 
J. Cancer 38, 1072–1080. doi:10.1016/S0959-8049(02)00020-5

Dohrman, A., Miyata, S., Gallup, M., Li, J.-D., Chapelin, C., Coste, A., et al. (1998). 
Mucin gene (MUC 2 and MUC 5AC) upregulation by Gram-positive and Gram-
negative bacteria. Biochimica Biophysica Acta (BBA) - Mol. Basis Dis. 1406, 251–259. 
doi:10.1016/S0925-4439(98)00010-6

Donaldson, S. H., Bennett, W. D., Zeman, K. L., Knowles, M. R., Tarran, R., and Boucher, 
R. C. (2006). Mucus clearance and lung function in cystic fibrosis with hypertonic saline. 
N. Engl. J. Med. 354, 241–250. doi:10.1056/nejmoa043891

Donaldson, S. H., Corcoran, T. E., Pilewski, J. M., Mogayzel, P., Laube, B. L., Boitet, 
E. R., et al. (2024). Effect of elexacaftor/tezacaftor/ivacaftor on mucus and mucociliary 
clearance in cystic fibrosis. J. Cyst. Fibros. 23, 155–160. doi:10.1016/j.jcf.2023.10.010

Dunican, E. M., Elicker, B. M., Gierada, D. S., Nagle, S. K., Schiebler, M. L., Newell, J. D., 
et al. (2018a). Mucus plugs in patients with asthma linked to eosinophilia and airflow 
obstruction. J. Clin. Investigation 128, 997–1009. doi:10.1172/JCI95693

Dunican, E. M., Watchorn, D. C., and Fahy, J. V. (2018b). Autopsy and imaging 
studies of mucus in asthma. Lessons learned about disease mechanisms and the 
role of mucus in airflow obstruction. Ann. Am. Thorac. Soc. 15, S184–S191. 
doi:10.1513/AnnalsATS.201807-485AW

Ehre, C., Rushton, Z. L., Wang, B., Hothem, L. N., Morrison, C. B., Fontana, N. C., et al. 
(2019). An improved inhaled mucolytic to treat airway muco-obstructive diseases. Am. 
J. Respir. Crit. Care Med. 199, 171–180. doi:10.1164/rccm.201802-0245OC

Eklöf, J., Sørensen, R., Ingebrigtsen, T. S., Sivapalan, P., Achir, I., Boel, J. B., et al. (2020). 
Pseudomonas aeruginosa and risk of death and exacerbations in patients with chronic 
obstructive pulmonary disease: an observational cohort study of 22 053 patients. Clin. 
Microbiol. Infect. 26, 227–234. doi:10.1016/j.cmi.2019.06.011

Elkins, M. R., Robinson, M., Rose, B. R., Harbour, C., Moriarty, C. P., Marks, G. B., et al. 
(2006). A controlled trial of long-term inhaled hypertonic saline in patients with cystic 
fibrosis. N. Engl. J. Med. 354, 229–240. doi:10.1056/nejmoa043900

Ermund, A., Meiss, L. N., Rodriguez-Pineiro, A. M., Bähr, A., Nilsson, H. E., Trillo-
Muyo, S., et al. (2017). The normal trachea is cleaned by MUC5B mucin bundles from 
the submucosal glands coated with the MUC5AC mucin. Biochem. Biophysical Res. 
Commun. 492, 331–337. doi:10.1016/j.bbrc.2017.08.113

Ermund, A., Meiss, L. N., Dolan, B., Bähr, A., Klymiuk, N., and Hansson, G. C. (2018). 
The mucus bundles responsible for airway cleaning are retained in cystic fibrosis and by 
cholinergic stimulation. Eur. Respir. J. 52, 1800457. doi:10.1183/13993003.00457-2018

Ermund, A., Meiss, L. N., Dolan, B., Jaudas, F., Ewaldsson, L., Bahr, A., et al. (2021). 
Mucus threads from surface goblet cells clear particles from the airways. Respir. Res. 22, 
303. doi:10.1186/s12931-021-01898-3

Frontiers in Physiology 10 frontiersin.org

https://doi.org/10.3389/fphys.2026.1760997
https://doi.org/10.1016/j.jtocrr.2022.100398
https://doi.org/10.1016/0021-9290(75)90023-8
https://doi.org/10.1039/d3tb01489d
https://doi.org/10.1113/jphysiol.1988.sp017322
https://doi.org/10.1111/j.1432-1033.1987.tb13387.x
https://doi.org/10.1378/chest.129.1.118
https://doi.org/10.1016/j.jaci.2005.08.059
https://doi.org/10.1126/science.1223012
https://doi.org/10.1073/pnas.1811787115
https://doi.org/10.1183/16000617.0196-2021
https://doi.org/10.1182/blood-2008-11-187302
https://doi.org/10.1186/s40413-016-0112-5
https://doi.org/10.1016/j.jaip.2022.09.008
https://doi.org/10.1371/journal.ppat.1003846
https://doi.org/10.1371/journal.ppat.1011571
https://doi.org/10.1074/jbc.m210429200
https://doi.org/10.1016/j.bbrc.2004.09.157
https://doi.org/10.1172/JCI125669
https://doi.org/10.1155/2022/4846336
https://doi.org/10.1038/s44318-023-00015-y
https://doi.org/10.1016/j.ebiom.2020.102974
https://doi.org/10.1016/j.addr.2008.09.008
https://doi.org/10.1016/j.jcf.2014.08.008
https://doi.org/10.1016/j.isci.2025.113265
https://doi.org/10.1002/ppul.20619
https://doi.org/10.1128/mBio.00767-15
https://doi.org/10.1002/admi.201500308
https://www.cff.org/medical-professionals/patient-registry
https://www.cff.org/medical-professionals/patient-registry
https://doi.org/10.1080/21548331.2023.2176041
https://doi.org/10.1164/rccm.201908-1641OC
https://doi.org/10.1096/fba.2020-00035
https://doi.org/10.1007/978-3-031-52197-3\string_9
https://doi.org/10.1016/S0959-8049(02)00020-5
https://doi.org/10.1016/S0925-4439(98)00010-6
https://doi.org/10.1056/nejmoa043891
https://doi.org/10.1016/j.jcf.2023.10.010
https://doi.org/10.1172/JCI95693
https://doi.org/10.1513/AnnalsATS.201807-485AW
https://doi.org/10.1164/rccm.201802-0245OC
https://doi.org/10.1016/j.cmi.2019.06.011
https://doi.org/10.1056/nejmoa043900
https://doi.org/10.1016/j.bbrc.2017.08.113
https://doi.org/10.1183/13993003.00457-2018
https://doi.org/10.1186/s12931-021-01898-3
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Costello and Birket 10.3389/fphys.2026.1760997

Espinosa, M., Noé, G., Troncoso, C., Ho, S. B., and Villalón, M. (2002). Acidic pH and 
increasing [Ca2+] reduce the swelling of mucins in primary cultures of human cervical 
cells. Hum. Reprod. 17, 1964–1972. doi:10.1093/humrep/17.8.1964

Everett, M. J., Davies, D. T., Leiris, S., Sprynski, N., Llanos, A., Castandet, J. M., 
et al. (2023). Chemical optimization of selective Pseudomonas aeruginosa LasB 
elastase inhibitors and their impact on LasB-Mediated activation of IL-1β in cellular 
and animal infection models. ACS Infect. Dis. 9, 270–282. doi:10.1021/acsinfecdis.
2c00418

Fernández-Blanco, J. A., Fakih, D., Arike, L., Rodríguez-Piñeiro, A. M., Martínez-
Abad, B., Skansebo, E., et al. (2018). Attached stratified mucus separates bacteria from 
the epithelial cells in COPD lungs. JCI Insight 3, 2379–3708. doi:10.1172/jci.insight.
120994

Fischer, B. M., Rochelle, L. G., Voynow, J. A., Akley, N. J., and Adler, K. B. (1999). 
Tumor necrosis Factor- α stimulates mucin secretion and cyclic GMP production by 
Guinea pig tracheal epithelial cells in vitro. Am. J. Respir. Cell Mol. Biol. 20, 413–422. 
doi:10.1165/ajrcmb.20.3.3393

Flenley, D. C. (1988). Chronic obstructive pulmonary disease. Disease-a-Month 34, 
543–599. doi:10.1016/0011-5029(88)90015-6

Fritzsching, B., Zhou-Suckow, Z., Trojanek, J. B., Schubert, S. C., Schatterny, J., Hirtz, 
S., et al. (2015). Hypoxic epithelial necrosis triggers neutrophilic inflammation via IL-
1 receptor signaling in cystic fibrosis lung disease. Am. J. Respir. Crit. Care Med. 191, 
902–913. doi:10.1164/rccm.201409-1610OC

Fuchs, H. J., Borowitz, D. S., Christiansen, D. H., Morris, E. M., Nash, M. L., Ramsey, 
B. W., et al. (1994). Effect of aerosolized recombinant human DNase on exacerbations 
of respiratory symptoms and on pulmonary function in patients with cystic fibrosis. N. 
Engl. J. Med. 331, 637–642. doi:10.1056/NEJM199409083311003

Fujisawa, T., Chang, M.M.-J., Velichko, S., Thai, P., Hung, L.-Y., Huang, F., et al. (2011). 
NF-κB mediates IL-1β– and IL-17A–Induced MUC5B expression in airway epithelial 
cells. Am. J. Respir. Cell Mol. Biol. 45, 246–252. doi:10.1165/rcmb.2009-0313OC

Garcia, M. A. S., Yang, N., and Quinton, P. M. (2009). Normal mouse intestinal 
mucus release requires cystic fibrosis transmembrane regulator–dependent bicarbonate 
secretion. J. Clin. Investigation 119, 3497. doi:10.1172/JCI38662C1

Garcia-Vidal, C., Almagro, P., Romaní, V., Rodríguez-Carballeira, M., Cuchi, 
E., Canales, L., et al. (2009). Pseudomonas aeruginosa in patients hospitalised 
for COPD exacerbation: a prospective study. Eur. Respir. J. 34, 1072–1078. 
doi:10.1183/09031936.00003309

GBD Chronic Respiratory Disease Collaborators (2020). Prevalence and attributable 
health burden of chronic respiratory diseases, 1990-2017: a systematic analysis for the 
global burden of disease study 2017. Lancet Respir. Med. 8, 585–596. doi:10.1016/s2213-
2600(20)30105-3

Girod, S., Zahm, J. M., Plotkowski, C., Beck, G., and Puchelle, E. (1992). Role of the 
physiochemical properties of mucus in the protection of the respiratory epithelium. Eur. 
Respir. J. 5, 477–487.

Goeminne, P. C., Nawrot, T. S., Ruttens, D., Seys, S., and Dupont, L. J. (2014). Mortality 
in non-cystic fibrosis bronchiectasis: a prospective cohort analysis. Respir. Med. 108, 
287–296. doi:10.1016/j.rmed.2013.12.015

Govindarajan, B., Menon, B. B., Spurr-Michaud, S., Rastogi, K., Gilmore, M. S., Argüeso, 
P., et al. (2012). A metalloproteinase secreted by Streptococcus pneumoniae removes 
membrane mucin MUC16 from the epithelial glycocalyx barrier. PLOS ONE 7, e32418. 
doi:10.1371/journal.pone.0032418

Green, R. H., Brightling, C. E., McKenna, S., Hargadon, B., Parker, D., Bradding, P., et al. 
(2002). Asthma exacerbations and sputum eosinophil counts: a randomised controlled 
trial. Lancet 360, 1715–1721. doi:10.1016/S0140-6736(02)11679-5

Greenwald, M. A., Meinig, S. L., Plott, L. M., Roca, C., Higgs, M. G., Vitko, N. P., et al. 
(2024). Mucus polymer concentration and in vivo adaptation converge to define the 
antibiotic response of Pseudomonas aeruginosa during chronic lung infection. mBio 15, 
e03451. doi:10.1128/mbio.03451-23

Groenewegen, K. H., and Wouters, E. F. M. (2003). Bacterial infections in patients 
requiring admission for an acute exacerbation of COPD; a 1-year prospective study. 
Respir. Med. 97, 770–777. doi:10.1016/S0954-6111(03)00026-X

Groneberg, D. A., Eynott, P. R., Oates, T., Lim, S., Wu, R., Carlstedt, I., et al. (2002). 
Expression of MUC5AC and MUC5B mucins in normal and cystic fibrosis lung. Respir. 
Med. 96, 81–86. doi:10.1053/rmed.2001.1221

Guo, J., Garratt, A., and Hill, A. (2022). Worldwide rates of diagnosis and effective 
treatment for cystic fibrosis. J. Cyst. Fibros. 21, 456–462. doi:10.1016/j.jcf.2022.
01.009

Halbeisen, F. S., Goutaki, M., Spycher, B. D., Amirav, I., Behan, L., Boon, M., et al. (2018). 
Lung function in patients with primary ciliary dyskinesia: an iPCD cohort study. Eur. 
Respir. J. 52. doi:10.1183/13993003.01040-2018

Harris, E. S., McIntire, H. J., Mazur, M., Schulz-Hildebrandt, H., Leung, H. M., Tearney, 
G. J., et al. (2024). Reduced sialylation of airway mucin impairs mucus transport by 
altering the biophysical properties of mucin. Sci. Rep. 14, 16568. doi:10.1038/s41598-
024-66510-2

Hasani, A., Pavia, D., Agnew, J. E., and Clarke, S. W. (1994). Regional lung clearance 
during cough and forced expiration technique (FET): effects of flow and viscoelasticity. 
Thorax 49, 557–561. doi:10.1136/thx.49.6.557

Henderson, A. G., Ehre, C., Button, B., Abdullah, L. H., Cai, L.-H., Leigh, M. W., 
et al. (2014). Cystic fibrosis airway secretions exhibit mucin hyperconcentration and 
increased osmotic pressure. J. Clin. Investigation 124, 3047–3060. doi:10.1172/jci73469

Hewson, C. A., Haas, J. J., Bartlett, N. W., Message, S. D., Laza-Stanca, V., 
Kebadze, T., et al. (2010). Rhinovirus induces MUC5AC in a human infection 
model and in vitro via NF-κB and EGFR pathways. Eur. Respir. J. 36, 1425–1435. 
doi:10.1183/09031936.00026910

Hill, D. B., Button, B., Rubinstein, M., and Boucher, R. C. (2022). Physiology 
and pathophysiology of human airway mucus. Physiol. Rev. 102, 1757–1836. 
doi:10.1152/physrev.00004.2021

Hornef, N., Olbrich, H., Horvath, J., Zariwala, M. A., Fliegauf, M., Loges, N. T., 
et al. (2006). DNAH5 mutations are a common cause of primary ciliary Dyskinesia 
with outer dynein arm defects. Am. J. Respir. Crit. Care Med. 174, 120–126. 
doi:10.1164/rccm.200601-084OC

Hovenberg, H. W., Davies, J. R., and Carlstedt, I. (1996). Different mucins are 
produced by the surface epithelium and the submucosa in human trachea: identification 
of MUC5AC as a major mucin from the goblet cells. Biochem. J. 318, 319–324. 
doi:10.1042/bj3180319

Iikura, M., Hojo, M., Koketsu, R., Watanabe, S., Sato, A., Chino, H., et al. (2015). The 
importance of bacterial and viral infections associated with adult asthma exacerbations 
in clinical practice. PLOS ONE 10, e0123584. doi:10.1371/journal.pone.0123584

Iravani, J., and Van As, A. (1972). Mucus transport in the tracheobronchial tree of 
normal and bronchitic rats. J. Pathology 106, 81–93. doi:10.1002/path.1711060204

Jaramillo, A. M., Azzegagh, Z., Tuvim, M. J., and Dickey, B. F. (2018). Airway mucin 
secretion. Ann. Am. Thorac. Soc. 15, S164–S170. doi:10.1513/AnnalsATS.201806-
371AW

Kanthakumar, K., Taylor, G., Tsang, K. W., Cundell, D. R., Rutman, A., Smith, S., et al. 
(1993). Mechanisms of action of Pseudomonas aeruginosa pyocyanin on human ciliary 
beat in vitro. Infect. Immun. 61, 2848–2853. doi:10.1128/iai.61.7.2848-2853.1993

Kapur, N., Grimwood, K., Masters, I. B., Morris, P. S., and Chang, A. B. (2012). 
Lower airway microbiology and cellularity in children with newly diagnosed non-CF 
bronchiectasis. Pediatr. Pulmonol. 47, 300–307. doi:10.1002/ppul.21550

Kato, T., Radicioni, G., Papanikolas, M. J., Stoychev, G. V., Markovetz, M. R., Aoki, 
K., et al. (2022). Mucus concentration–dependent biophysical abnormalities unify 
submucosal gland and superficial airway dysfunction in cystic fibrosis. Sci. Adv. 8, 
eabm9718. doi:10.1126/sciadv.abm9718

Keir, H. R., and Chalmers, J. D. (2021). Pathophysiology of bronchiectasis. Semin. Respir. 
Crit. Care Med. 42, 499–512. doi:10.1055/s-0041-1730891

Keistinen, T., Saynajakangas, O., Tuuponen, T., and Kivela, S. (1997). Bronchiectasis: 
an orphan disease with a poorly-understood prognosis. Eur. Respir. J. 10, 2784–2787. 
doi:10.1183/09031936.97.10122784

Kesimer, M., Makhov, A. M., Griffith, J. D., Verdugo, P., and Sheehan, J. K. (2010). 
Unpacking a gel-forming mucin: a view of MUC5B organization after granular 
release. Am. Journal Physiology. Lung Cellular Molecular Physiology 298, L15–L22. 
doi:10.1152/ajplung.00194.2009

Kesimer, M., Ehre, C., Burns, K. A., Davis, C. W., Sheehan, J. K., and Pickles, R. J. (2013). 
Molecular organization of the mucins and glycocalyx underlying mucus transport over 
mucosal surfaces of the airways. Mucosal Immunol. 6, 379–392. doi:10.1038/mi.2012.81

King, M. (1987). The role of mucus viscoelasticity in cough clearance. Biorheology 24, 
589–597. doi:10.3233/bir-1987-24611

Klein, A., Lamblin, G., Lhermitte, M., Roussel, P., Breg, J., Van Halbeek, H., et al. 
(1988). Primary structure of neutral oligosaccharides derived from respiratory-mucus 
glycoproteins of a patient suffering from bronchiectasis, determined by combination of 
500-MHz 1H-NMR spectroscopy and quantitative sugar analysis. Eur. J. Biochem. 171, 
631–642. doi:10.1111/j.1432-1033.1988.tb13834.x

Klinger, J. D., Tandler, B., Liedtke, C. M., and Boat, T. F. (1984). Proteinases 
of Pseudomonas aeruginosa evoke mucin release by tracheal epithelium. J. Clin. 
Investigation 74, 1669–1678. doi:10.1172/JCI111583

Ko, F. W. S., Ip, M., Chan, P. K. S., Fok, J. P. C., Chan, M. C. H., Ngai, J. C., et al. (2007). 
A 1-Year prospective study of the infectious etiology in patients hospitalized with acute 
exacerbations of COPD. Chest 131, 44–52. doi:10.1378/chest.06-1355

Konietzko, N. (1986). Mucus transport and inflammation. Eur. J. Respir. Dis. Suppl. 147, 
72–79.

Kuehni, C. E., Frischer, T., Strippoli, M.-P. F., Maurer, E., Bush, A., Nielsen, K. G., et al. 
(2010). Factors influencing age at diagnosis of primary ciliary dyskinesia in European 
children. Eur. Respir. J. 36, 1248–1258. doi:10.1183/09031936.00001010

Lachowicz-Scroggins, M. E., Yuan, S., Kerr, S. C., Dunican, E. M., Yu, M., Carrington, 
S. D., et al. (2016). Abnormalities in MUC5AC and MUC5B protein in airway mucus 
in asthma. Am. J. Respir. Crit. Care Med. 194, 1296–1299. doi:10.1164/rccm.201603-
0526LE

Lai, S. K., Wang, Y.-Y., Wirtz, D., and Hanes, J. (2009). Micro- and macrorheology of 
mucus. Adv. Drug Deliv. Rev. 61, 86–100. doi:10.1016/j.addr.2008.09.012

Lamblin, G., Boersma, A., Lhermitte, M., Roussel, P. H. G. M., Mutsaers, J., Van 
Halbeek, H., et al. (1984). Further characterization, by a combined high-performance 
liquid chromatography/1H-NMR approach, of the heterogeneity displayed by the 

Frontiers in Physiology 11 frontiersin.org

https://doi.org/10.3389/fphys.2026.1760997
https://doi.org/10.1093/humrep/17.8.1964
https://doi.org/10.1021/acsinfecdis.2c00418
https://doi.org/10.1021/acsinfecdis.2c00418
https://doi.org/10.1172/jci.insight.120994
https://doi.org/10.1172/jci.insight.120994
https://doi.org/10.1165/ajrcmb.20.3.3393
https://doi.org/10.1016/0011-5029(88)90015-6
https://doi.org/10.1164/rccm.201409-1610OC
https://doi.org/10.1056/NEJM199409083311003
https://doi.org/10.1165/rcmb.2009-0313OC
https://doi.org/10.1172/JCI38662C1
https://doi.org/10.1183/09031936.00003309
https://doi.org/10.1016/s2213-2600(20)30105-3
https://doi.org/10.1016/s2213-2600(20)30105-3
https://doi.org/10.1016/j.rmed.2013.12.015
https://doi.org/10.1371/journal.pone.0032418
https://doi.org/10.1016/S0140-6736(02)11679-5
https://doi.org/10.1128/mbio.03451-23
https://doi.org/10.1016/S0954-6111(03)00026-X
https://doi.org/10.1053/rmed.2001.1221
https://doi.org/10.1016/j.jcf.2022.01.009
https://doi.org/10.1016/j.jcf.2022.01.009
https://doi.org/10.1183/13993003.01040-2018
https://doi.org/10.1038/s41598-024-66510-2
https://doi.org/10.1038/s41598-024-66510-2
https://doi.org/10.1136/thx.49.6.557
https://doi.org/10.1172/jci73469
https://doi.org/10.1183/09031936.00026910
https://doi.org/10.1152/physrev.00004.2021
https://doi.org/10.1164/rccm.200601-084OC
https://doi.org/10.1042/bj3180319
https://doi.org/10.1371/journal.pone.0123584
https://doi.org/10.1002/path.1711060204
https://doi.org/10.1513/AnnalsATS.201806-371AW
https://doi.org/10.1513/AnnalsATS.201806-371AW
https://doi.org/10.1128/iai.61.7.2848-2853.1993
https://doi.org/10.1002/ppul.21550
https://doi.org/10.1126/sciadv.abm9718
https://doi.org/10.1055/s-0041-1730891
https://doi.org/10.1183/09031936.97.10122784
https://doi.org/10.1152/ajplung.00194.2009
https://doi.org/10.1038/mi.2012.81
https://doi.org/10.3233/bir-1987-24611
https://doi.org/10.1111/j.1432-1033.1988.tb13834.x
https://doi.org/10.1172/JCI111583
https://doi.org/10.1378/chest.06-1355
https://doi.org/10.1183/09031936.00001010
https://doi.org/10.1164/rccm.201603-0526LE
https://doi.org/10.1164/rccm.201603-0526LE
https://doi.org/10.1016/j.addr.2008.09.012
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Costello and Birket 10.3389/fphys.2026.1760997

neutral carbohydrate chains of human bronchial mucins. Eur. J. Biochem. 143, 227–236. 
doi:10.1111/j.1432-1033.1984.tb08363.x

Lamblin, G., Rahmoune, H., Wieruszeski, J. M., Lhermitte, M., Strecker, G., and Roussel, 
P. (1991). Structure of two sulphated oligosaccharides from respiratory mucins of a 
patient suffering from cystic fibrosis. A fast-atom-bombardment m.s. and 1H-n.m.r. 
spectroscopic study. Biochem. J. 275, 199–206. doi:10.1042/bj2750199

Landry, R. M., An, D., Hupp, J. T., Singh, P. K., and Parsek, M. R. 
(2006). Mucin–pseudomonas aeruginosa interactions promote biofilm 
formation and antibiotic resistance. Mol. Microbiol. 59, 142–151. 
doi:10.1111/j.1365-2958.2005.04941.x

Langlands, J. (1967). The dynamics of cough in health and in chronic bronchitis. Thorax
22, 88–96. doi:10.1136/thx.22.1.88

Lappalainen, U., Whitsett, J. A., Wert, S. E., Tichelaar, J. W., and Bry, K. 
(2005). Interleukin-1β causes pulmonary inflammation, Emphysema, and airway 
remodeling in the adult Murine Lung. Am. J. Respir. Cell Mol. Biol. 32, 311–318. 
doi:10.1165/rcmb.2004-0309OC

Lethem, M., James, S., Marriott, C., and Burke, J. (1990). The origin of DNA 
associated with mucus glycoproteins in cystic fibrosis sputum. Eur. Respir. J. 3, 19–23. 
doi:10.1183/09031936.93.03010019

Liegeois, M. A., Hsieh, A., Al-Fouadi, M., Charbit, A. R., Yang, C. X., Hackett, T.-L., et al. 
(2025). Cellular and molecular features of asthma mucus plugs provide clues about their 
formation and persistence. J. Clin. Investigation 135, e186889. doi:10.1172/JCI186889

Lin, V. Y., Kaza, N., Birket, S. E., Kim, H., Edwards, L. J., Lafontaine, J., et al. (2020). 
Excess mucus viscosity and airway dehydration impact COPD airway clearance. Eur. 
Respir. J. 55, 1900419. doi:10.1183/13993003.00419-2019

Linssen, R. S., Chai, G., Ma, J., Kummarapurugu, A. B., van Woensel, J. B. M., 
Bem, R. A., et al. (2021). Neutrophil extracellular traps increase airway mucus 
viscoelasticity and slow mucus particle transit. Am. J. Respir. Cell Mol. Biol. 64, 69–78. 
doi:10.1165/rcmb.2020-0168OC

Liu, L., Shastry, S., Byan-Parker, S., Houser, G., K. Chu, K., Birket, S. E., et al. (2014). An 
autoregulatory mechanism governing mucociliary transport is sensitive to mucus load. 
Am. J. Respir. Cell Mol. Biol. 51, 485–493. doi:10.1165/rcmb.2013-0499ma

Liu, Y., McQuillen, E. A., Rana, P. S. J. B., Gloag, E. S., Parsek, M. R., and 
Wozniak, D. J. (2024). A bacterial pigment provides cross-species protection from 
H2O2- and neutrophil-mediated killing. Proc. Natl. Acad. Sci. 121, e2312334121. 
doi:10.1073/pnas.2312334121

Livraghi-Butrico, A., Kelly, E. J., Wilkinson, K. J., Rogers, T. D., Gilmore, R. C., 
Harkema, J. R., et al. (2013). Loss of Cftr function exacerbates the phenotype of 
Na(+) hyperabsorption in murine airways. Am. J. Physiol. Lung Cell Mol. Physiol. 304, 
L469–L480. doi:10.1152/ajplung.00150.2012

Loebinger, M. R., Wells, A. U., Hansell, D. M., Chinyanganya, N., Devaraj, A., Meister, 
M., et al. (2009). Mortality in bronchiectasis: a long-term study assessing the factors 
influencing survival. Eur. Respir. J. 34, 843–849. doi:10.1183/09031936.00003709

Lonni, S., Chalmers, J. D., Goeminne, P. C., McDonnell, M. J., Dimakou, K., De 
Soyza, A., et al. (2015). Etiology of non–cystic fibrosis bronchiectasis in adults 
and its correlation to disease severity. Ann. Am. Thorac. Soc. 12, 1764–1770. 
doi:10.1513/AnnalsATS.201507-472OC

Lora, J. M., Zhang, D. M., Liao, S. M., Burwell, T., King, A. M., Barker, P. A., et al. 
(2005). Tumor necrosis factor-alpha triggers mucus production in airway epithelium 
through an IkB kinase beta-dependent mechanism. J. Biol. Chem. 280, 36510–36517. 
doi:10.1074/jbc.M507977200

Lucas, J. S., Davis, S. D., Omran, H., and Shoemark, A. (2020). Primary ciliary dyskinesia 
in the genomics age. Lancet Respir. Med. 8, 202–216. doi:10.1016/S2213-2600(19)30374-
1

Ma, J. T., Tang, C., Kang, L., Voynow, J. A., and Rubin, B. K. (2018). Cystic fibrosis 
sputum rheology correlates with both acute and longitudinal changes in lung function. 
Chest 154, 370–377. doi:10.1016/j.chest.2018.03.005

Mathieu, E., Escribano-Vazquez, U., Descamps, D., Cherbuy, C., Langella, P., Riffault, S., 
et al. (2018). Paradigms of lung microbiota functions in health and disease, particularly, 
in asthma. Front. Physiology 9, 1168. doi:10.3389/fphys.2018.01168

McAuley, J. L., Corcilius, L., Tan, H. X., Payne, R. J., McGuckin, M. A., and Brown, L. E. 
(2017). The cell surface mucin MUC1 limits the severity of influenza A virus infection. 
Mucosal Immunol. 10, 1581–1593. doi:10.1038/mi.2017.16

McShane, P. J., Naureckas, E. T., Tino, G., and Strek, M. E. (2013). Non–cystic fibrosis 
bronchiectasis. Am. J. Respir. Crit. Care Med. 188, 647–656. doi:10.1164/rccm.201303-
0411ci

Minov, J., Stoleski, S., Petrova, T., Vasilevska, K., Mijakoski, D., and Karadzinska-
Bislimovska, J. (2019). Effects of a long-term use of carbocysteine on frequency and 
duration of exacerbations in patients with bronchiectasis. Open Access Maced. J. Med. 
Sci. 7, 4030–4035. doi:10.3889/oamjms.2019.697

Miravitlles, M., Espinosa, C., Fernández-Laso, E., Martos, J. A., Maldonado, J. 
A., and Gallego, M. (1999). Relationship between bacterial flora in sputum and 
functional impairment in patients with acute exacerbations of COPD. Chest 116, 40–46. 
doi:10.1378/chest.116.1.40

Mitran, S. M. (2007). Metachronal wave formation in a model of pulmonary cilia. 
Comput. and Struct. 85, 763–774. doi:10.1016/j.compstruc.2007.01.015

Mohamed, F. B., Garcia-Verdugo, I., Medina, M., Balloy, V., Chignard, M., Ramphal, R., 
et al. (2012). A crucial role of flagellin in the induction of airway mucus production by 
Pseudomonas aeruginosa. PLOS ONE 7, e39888. doi:10.1371/journal.pone.0039888

Möller, W., Häußinger, K., Ziegler-Heitbrock, L., and Heyder, J. (2006). Mucociliary and 
long-term particle clearance in airways of patients with immotile cilia. Respir. Res. 7, 10. 
doi:10.1186/1465-9921-7-10

Montgomery, M. T., Ortigoza, M., Loomis, C., and Weiser, J. N. (2025). Neuraminidase-
mediated enhancement of Streptococcus pneumoniae colonization is associated 
with altered mucus characteristics and distribution. mBio 16, e02579-02524. 
doi:10.1128/mbio.02579-24

Moore, M. L., Chi, M. H., Luongo, C., Lukacs, N. W., Polosukhin, V. V., Huckabee, M. 
M., et al. (2009). A chimeric A2 strain of respiratory syncytial virus (RSV) with the 
fusion protein of RSV strain line 19 exhibits enhanced viral load, mucus, and airway 
dysfunction. J. Virology 83, 4185–4194. doi:10.1128/jvi.01853-08

Mullol, J., Baraniuk, J. N., Logun, C., Merida, M., Hausfeld, J., Shelhamer, J. H., et al. 
(1992). M1 and M3 muscarinic antagonists inhibit human nasal glandular secretion in 
vitro. J. Appl. Physiology 73, 2069–2073. doi:10.1152/jappl.1992.73.5.2069

Murphree-Terry, M., Keith, J. D., Oden, A. M., and Birket, S. E. (2024). Normalization of 
Muc5b ameliorates airway mucus plugging during persistent Pseudomonas aeruginosa
infection in the CFTR–/– rat. Am. J. Physiology-Lung Cell. Mol. Physiology 327, 
L672–L683. doi:10.1152/ajplung.00381.2023

Nadel, J. A., and Burgel, P.-R. (2001). The role of epidermal growth factor in mucus 
production. Curr. Opin. Pharmacol. 1, 254–258. doi:10.1016/S1471-4892(01)00045-5

Namkung, W., Yao, Z., Finkbeiner, W. E., and Verkman, A. S. (2011). Small-
molecule activators of TMEM16A, a calcium-activated chloride channel, stimulate 
epithelial chloride secretion and intestinal contraction. FASEB J. 25, 4048–4062. 
doi:10.1096/fj.11-191627

Neveu, W. A., Allard, J. B., Dienz, O., Wargo, M. J., Ciliberto, G., Whittaker, L. A., 
et al. (2009). IL-6 is required for airway mucus production induced by inhaled fungal 
allergens. J. Immunol. 183, 1732–1738. doi:10.4049/jimmunol.0802923

Nichols, D. P., Paynter, A. C., Heltshe, S. L., Donaldson, S. H., Frederick, C. A., 
Freedman, S. D., et al. (2022). Clinical effectiveness of Elexacaftor/Tezacaftor/Ivacaftor 
in people with cystic fibrosis: a clinical trial. Am. J. Respir. Crit. Care Med. 205, 529–539. 
doi:10.1164/rccm.202108-1986OC

Nielsen, H., Hvidt, S., Sheils, C. A., and Janmey, P. A. (2004). Elastic contributions 
dominate the viscoelastic properties of sputum from cystic fibrosis patients. Biophys. 
Chem. 112, 193–200. doi:10.1016/j.bpc.2004.07.019

Nigro, M., Laska, I. F., Traversi, L., Simonetta, E., and Polverino, E. (2024). Epidemiology 
of bronchiectasis. Eur. Respir. Rev. 33, 240091. doi:10.1183/16000617.0091-2024

Nussstein, H., Urbantat, R. M., Fentker, K., Loewe, A., Duerr, J., Haji, M., et al. (2026). 
Changes in sputum viscoelastic properties and airway inflammation in primary ciliary 
dyskinesia are comparable to cystic fibrosis on elexacaftor/tezacaftor/ivacaftor therapy. 
Eur. Respir. J. 67, 2500616. doi:10.1183/13993003.00616-2025

Oguma, T., Asano, K., Tomomatsu, K., Kodama, M., Fukunaga, K., Shiomi, T., 
et al. (2011). Induction of Mucin and MUC5AC expression by the protease activity 
of Aspergillus fumigatus in airway epithelial cells. J. Immunol. 187, 999–1005. 
doi:10.4049/jimmunol.1002257

Okada, S. F., Zhang, L., Kreda, S. M., Abdullah, L. H., Davis, C. W., Pickles, R. 
J., et al. (2011). Coupled nucleotide and Mucin hypersecretion from goblet-cell 
metaplastic human airway epithelium. Am. J. Respir. Cell Mol. Biol. 45, 253–260. 
doi:10.1165/rcmb.2010-0253OC

Okuda, K., Chen, G., Subramani, D. B., Wolf, M., Gilmore, R. C., Kato, T., et al. (2019). 
Localization of secretory mucins MUC5AC and MUC5B in normal/healthy human 
airways. Am. J. Respir. Crit. Care Med. 199, 715–727. doi:10.1164/rccm.201804-0734OC

Oliynyk, I., Varelogianni, G., Roomans, G. M., and Johannesson, M. (2010). Effect 
of duramycin on chloride transport and intracellular calcium concentration in cystic 
fibrosis and non-cystic fibrosis epithelia. APMIS 118, 982–990. doi:10.1111/j.1600-
0463.2010.02680.x

Paff, T., Daniels, J. M. A., Weersink, E. J., Lutter, R., Vonk Noordegraaf, A., and Haarman, 
E. G. (2017). A randomised controlled trial on the effect of inhaled hypertonic 
saline on quality of life in primary ciliary dyskinesia. Eur. Respir. J. 49, 1601770. 
doi:10.1183/13993003.01770-2016

Paharik, A. E., Salgado-Pabon, W., Meyerholz, D. K., White, M. J., Schlievert, P. 
M., and Horswill, A. R. (2016). The spl serine proteases modulate Staphylococcus 
aureus protein production and virulence in a rabbit model of pneumonia. mSphere 1. 
doi:10.1128/msphere.00208-00216

Panchabhai, T. S., Mukhopadhyay, S., Sehgal, S., Bandyopadhyay, D., Erzurum, S. 
C., and Mehta, A. C. (2016). Plugs of the air passages. Chest 150, 1141–1157. 
doi:10.1016/j.chest.2016.07.003

Papadopoulos, N. G., Christodoulou, I., Rohde, G., Agache, I., Almqvist, C., Bruno, A., 
et al. (2011). Viruses and bacteria in acute asthma exacerbations – a GA2LEN-DARE 
systematic review. Allergy 66, 458–468. doi:10.1111/j.1398-9995.2010.02505.x

Frontiers in Physiology 12 frontiersin.org

https://doi.org/10.3389/fphys.2026.1760997
https://doi.org/10.1111/j.1432-1033.1984.tb08363.x
https://doi.org/10.1042/bj2750199
https://doi.org/10.1111/j.1365-2958.2005.04941.x
https://doi.org/10.1136/thx.22.1.88
https://doi.org/10.1165/rcmb.2004-0309OC
https://doi.org/10.1183/09031936.93.03010019
https://doi.org/10.1172/JCI186889
https://doi.org/10.1183/13993003.00419-2019
https://doi.org/10.1165/rcmb.2020-0168OC
https://doi.org/10.1165/rcmb.2013-0499ma
https://doi.org/10.1073/pnas.2312334121
https://doi.org/10.1152/ajplung.00150.2012
https://doi.org/10.1183/09031936.00003709
https://doi.org/10.1513/AnnalsATS.201507-472OC
https://doi.org/10.1074/jbc.M507977200
https://doi.org/10.1016/S2213-2600(19)30374-1
https://doi.org/10.1016/S2213-2600(19)30374-1
https://doi.org/10.1016/j.chest.2018.03.005
https://doi.org/10.3389/fphys.2018.01168
https://doi.org/10.1038/mi.2017.16
https://doi.org/10.1164/rccm.201303-0411ci
https://doi.org/10.1164/rccm.201303-0411ci
https://doi.org/10.3889/oamjms.2019.697
https://doi.org/10.1378/chest.116.1.40
https://doi.org/10.1016/j.compstruc.2007.01.015
https://doi.org/10.1371/journal.pone.0039888
https://doi.org/10.1186/1465-9921-7-10
https://doi.org/10.1128/mbio.02579-24
https://doi.org/10.1128/jvi.01853-08
https://doi.org/10.1152/jappl.1992.73.5.2069
https://doi.org/10.1152/ajplung.00381.2023
https://doi.org/10.1016/S1471-4892(01)00045-5
https://doi.org/10.1096/fj.11-191627
https://doi.org/10.4049/jimmunol.0802923
https://doi.org/10.1164/rccm.202108-1986OC
https://doi.org/10.1016/j.bpc.2004.07.019
https://doi.org/10.1183/16000617.0091-2024
https://doi.org/10.1183/13993003.00616-2025
https://doi.org/10.4049/jimmunol.1002257
https://doi.org/10.1165/rcmb.2010-0253OC
https://doi.org/10.1164/rccm.201804-0734OC
https://doi.org/10.1111/j.1600-0463.2010.02680.x
https://doi.org/10.1111/j.1600-0463.2010.02680.x
https://doi.org/10.1183/13993003.01770-2016
https://doi.org/10.1128/msphere.00208-00216
https://doi.org/10.1016/j.chest.2016.07.003
https://doi.org/10.1111/j.1398-9995.2010.02505.x
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Costello and Birket 10.3389/fphys.2026.1760997

Pasteur, M. C., Bilton, D., Hill, A. T., and British Thoracic Society Bronchiectasis non-CF 
Guideline Group (2010). British thoracic society guideline for non-CF bronchiectasis. 
Thorax 65, i1–i58. doi:10.1136/thx.2010.136119

Patarin, J., Ghiringhelli, É., Darsy, G., Obamba, M., Bochu, P., Camara, B., et al. (2020). 
Rheological analysis of sputum from patients with chronic bronchial diseases. Sci. Rep.
10, 15685. doi:10.1038/s41598-020-72672-6

Pedersen, F., Marwitz, S., Holz, O., Kirsten, A., Bahmer, T., Waschki, B., et al. (2015). 
Neutrophil extracellular trap formation and extracellular DNA in sputum of stable 
COPD patients. Respir. Med. 109, 1360–1362. doi:10.1016/j.rmed.2015.08.008

Perez-Vilar, J., Olsen, J. C., Chua, M., and Boucher, R. C. (2005). pH-dependent 
intraluminal organization of Mucin granules in live human mucous/goblet cells. J. Biol. 
Chem. 280, 16868–16881. doi:10.1074/jbc.M413289200

Pillai, R. S., Chandra, T., Miller, I. F., Lloyd-Still, J., and Yeates, D. B. (1992). 
Work of adhesion of respiratory tract mucus. J. Appl. Physiology 72, 1604–1610. 
doi:10.1152/jappl.1992.72.4.1604

Pino-Argumedo, M. I., Fischer, A. J., Hilkin, B. M., Gansemer, N. D., Allen, 
P. D., Hoffman, E. A., et al. (2022). Elastic mucus strands impair mucociliary 
clearance in cystic fibrosis pigs. Proc. Natl. Acad. Sci. 119, e2121731119. 
doi:10.1073/pnas.2121731119

Pollak, M., Bar-Yoseph, R., Hanna, M., Serruya, N., Gut, G., Bentur, L., et al. 
(2025). Assessment of bronchodilator response in patients with CF and Non-
CF bronchiectasis—A randomized controlled study. J. Clin. Med. 14, 4778. 
doi:10.3390/jcm14134778

Poore, T. S., Nguyen, A., Schaefers, L., Solomonik, A., Rieglers, A., Leal, S. M., 
et al. (2025). Aspergillus fumigatus is influenced by mucus accumulation, airway 
inflammation and cystic fibrosis transmembrane conductance regulator function. ERJ 
Open Res. 11, 01035–02024. doi:10.1183/23120541.01035-2024

Possmayer, F., Nag, K., Rodriguez, K., Qanbar, R., and Schürch, S. (2001). Surface 
activity in vitro: role of surfactant proteins. Comp. Biochem. Physiology Part A Mol. and 
Integr. Physiology 129, 209–220. doi:10.1016/S1095-6433(01)00317-8

Potter, J. L., Matthews, L. W., Spector, S., and Lemm, J. (1967). Studies on pulmonary 
secretions. Am. Rev. Respir. Dis. 96, 83–87. doi:10.1164/arrd.1967.96.1.83

Rada, B., Gardina, P., Myers, T. G., and Leto, T. L. (2011). Reactive oxygen species 
mediate inflammatory cytokine release and EGFR-dependent mucin secretion in airway 
epithelial cells exposed to pseudomonas pyocyanin. Mucosal Immunol. 4, 158–171. 
doi:10.1038/mi.2010.62

Ramnarine, S. I., Haddad, E. B., Khawaja, A. M., Mak, J. C., and Rogers, D. F. (1996). On 
muscarinic control of neurogenic mucus secretion in ferret trachea. J. Physiology 494, 
577–586. doi:10.1113/jphysiol.1996.sp021515

Ramond, E., Lepissier, A., Ding, X., Bouvier, C., Tan, X., Euphrasie, D., et al. (2022). 
Lung-adapted Staphylococcus aureus isolates with dysfunctional agr system trigger a 
proinflammatory response. J. Infect. Dis. 226, 1276–1285. doi:10.1093/infdis/jiac191

Ramphal, R. (1990). The role of bacterial adhesion in cystic fibrosis including the 
staphylococcal aspect. Infection 18, 61–64. doi:10.1007/BF01644188

Ramsey, B. W., Davies, J., McElvaney, N. G., Tullis, E., Bell, S. C., Dřevínek, P., et al. 
(2011). A CFTR potentiator in patients with cystic fibrosis and the G551D mutation. N. 
Engl. J. Med. 365, 1663–1672. doi:10.1056/NEJMoa1105185

Ramsey, K. A., Chen, A. C. H., Radicioni, G., Lourie, R., Martin, M., Broomfield, A., 
et al. (2020). Airway mucus hyperconcentration in non-cystic fibrosis bronchiectasis. 
Am. J. Respir. Crit. Care Med. 201, 661–670. doi:10.1164/rccm.201906-1219OC

Ratjen, F., Durham, T., Navratil, T., Schaberg, A., Accurso, F. J., Wainwright, C., et al. 
(2012). Long term effects of denufosol tetrasodium in patients with cystic fibrosis. J. 
Cyst. Fibros. 11, 539–549. doi:10.1016/j.jcf.2012.05.003

Ratjen, F., Waters, V., Klingel, M., McDonald, N., Dell, S., Leahy, T. R., et al. 
(2015). Changes in airway inflammation during pulmonary exacerbations in patients 
with cystic fibrosis and primary ciliary dyskinesia. Eur. Respir. J. 47, 829–836. 
doi:10.1183/13993003.01390-2015

Ravin, K. A., and Loy, M. (2016). The eosinophil in infection. Clin. Rev. Allergy and 
Immunol. 50, 214–227. doi:10.1007/s12016-015-8525-4

Resiliac, J., and Grayson, M. H. (2019). Epidemiology of infections and development of 
asthma. Immunol. Allergy Clin. North Am. 39, 297–307. doi:10.1016/j.iac.2019.03.001

Rose, M. C., Voter, W. A., Brown, C. F., and Kaufman, B. (1984). Structural 
features of human tracheobronchial mucus glycoprotein. Biochem. J. 222, 371–377. 
doi:10.1042/bj2220371

Rowe, S. M., Heltshe, S. L., Gonska, T., Donaldson, S. H., Borowitz, D., Gelfond, D., et al. 
(2014). Clinical mechanism of the cystic fibrosis transmembrane conductance regulator 
potentiator ivacaftor in G551D-mediated cystic fibrosis. Am. J. Respir. Crit. Care Med.
190, 175–184. doi:10.1164/rccm.201404-0703OC

Rowe, S. M., Daines, C., Ringshausen, F. C., Kerem, E., Wilson, J., Tullis, E., et al. (2017). 
Tezacaftor–Ivacaftor in residual-function heterozygotes with cystic fibrosis. N. Engl. J. 
Med. 377, 2024–2035. doi:10.1056/NEJMoa1709847

Rubin, B. K., Macleod, P. M., Sturgess, J., and King, M. (1991). Recurrent respiratory 
infections in a child with fucosidosis: is the mucus too thin for effective transport? 
Pediatr. Pulmonol. 10, 304–309. doi:10.1002/ppul.1950100415

Saffarzadeh, M., Juenemann, C., Queisser, M. A., Lochnit, G., Barreto, G., Galuska, 
S. P., et al. (2012). Neutrophil extracellular traps directly induce epithelial and 
endothelial cell death: a predominant role of histones. PLOS ONE 7, e32366. 
doi:10.1371/journal.pone.0032366

Salathe, M., Forteza, R., and Conner, G. E. (2002). Post-secretory fate of host defence 
components in mucus. Novartis Found. Symp. 248, 277–282.

Schwab, U., Abdullah, L. H., Perlmutt, O. S., Albert, D., Davis, C. W., Arnold, R. R., 
et al. (2014). Localization of Burkholderia cepacia complex bacteria in cystic fibrosis 
lungs and interactions with Pseudomonas aeruginosa in hypoxic mucus. Infect. Immun.
82, 4729–4745. doi:10.1128/iai.01876-14

Segal, L. N., Clemente, J. C., Tsay, J.-C. J., Koralov, S. B., Keller, B. C., Wu, 
B. G., et al. (2016). Enrichment of the lung microbiome with oral taxa is 
associated with lung inflammation of a Th17 phenotype. Nat. Microbiol. 1, 16031. 
doi:10.1038/nmicrobiol.2016.31

Shah, A., Shoemark, A., MacNeill, S. J., Bhaludin, B., Rogers, A., Bilton, D., et al. (2016). 
A longitudinal study characterising a large adult primary ciliary dyskinesia population. 
Eur. Respir. J. 48, 441–450. doi:10.1183/13993003.00209-2016

Shao, M. X. G., Ueki, I. F., and Nadel, J. A. (2003). Tumor necrosis factor α-converting 
enzyme mediates MUC5AC mucin expression in cultured human airway epithelial cells. 
Proc. Natl. Acad. Sci. 100, 11618–11623. doi:10.1073/pnas.1534804100

Shimizu, S., Kouzaki, H., Ogawa, T., Takezawa, K., Tojima, I., and Shimizu, T. (2014). 
Eosinophil–epithelial cell interactions stimulate the production of MUC5AC mucin 
and profibrotic cytokines involved in airway tissue remodeling. Am. J. Rhinology and 
Allergy 28, 103–109. doi:10.2500/ajra.2014.28.4018

Shimura, S., Sasaki, T., Sasaki, H., and Takishima, T. (1988). Chemical 
properties of bronchorrhea sputum in bronchial asthma. Chest 94, 1211–1215. 
doi:10.1378/chest.94.6.1211

Sibila, O., Garcia-Bellmunt, L., Giner, J., Rodrigo-Troyano, A., Suarez-Cuartin, G., 
Torrego, A., et al. (2016). Airway mucin 2 is decreased in patients with severe chronic 
obstructive pulmonary disease with bacterial colonization. Ann. Am. Thorac. Soc. 13, 
636–642. doi:10.1513/AnnalsATS.201512-797OC

Singanayagam, A., Footitt, J., Marczynski, M., Radicioni, G., Cross, M. T., Finney, L. J., 
et al. (2022). Airway mucins promote immunopathology in virus-exacerbated chronic 
obstructive pulmonary disease. J. Clin. Invest 132, e120901. doi:10.1172/JCI120901

Singh, P. K., Schaefer, A. L., Parsek, M. R., Moninger, T. O., Welsh, M. J., and Greenberg, 
E. P. (2000). Quorum-sensing signals indicate that cystic fibrosis lungs are infected with 
bacterial biofilms. Nature 407, 762–764. doi:10.1038/35037627

Slayter, H. S., Lamblin, G., Treut, A. L., Galabert, C., Houdret, N., Degand, P., et al. 
(1984). Complex structure of human bronchial mucus glycoprotein. Eur. J. Biochem.
142, 209–218. doi:10.1111/j.1432-1033.1984.tb08273.x

Smirnova, M. G., Guo, L., Birchall, J. P., and Pearson, J. P. (2003). LPS up-regulates mucin 
and cytokine mRNA expression and stimulates mucin and cytokine secretion in goblet 
cells. Cell. Immunol. 221, 42–49. doi:10.1016/S0008-8749(03)00059-5

Smith, S., and Edwards, C. T. (2017). Long‐acting inhaled bronchodilators 
for cystic fibrosis. Cochrane Database Syst. Rev. 12, CD012102. 
doi:10.1002/14651858.CD012102.pub2

Sponchiado, M., Bonilla, A. L., Mata, L., Jasso-Johnson, K., Liao, Y.-S. J., Fagan, A., et al. 
(2023). Club cell CREB regulates the goblet cell transcriptional network and pro-mucin 
effects of IL-1B. Front. Physiology 14, 1323865. doi:10.3389/fphys.2023.1323865

Sponchiado, M., Fagan, A., Mata, L., Bonilla, A. L., Trevizan-Baú, P., Prabhakaran, 
S., et al. (2024). Sex-dependent regulation of mucin gene transcription and airway 
secretion and mechanics following intra-airway IL-13 in mice with conditional 
loss of club cell Creb1. Front. Physiology 15, 1392443. doi:10.3389/fphys.2024.
1392443

Szalontai, K., Gémes, N., Furák, J., Varga, T., Neuperger, P., Balog, J., et al. (2021). 
Chronic obstructive pulmonary disease: epidemiology, biomarkers, and paving the way 
to lung cancer. J. Clin. Med. 10, 2889. doi:10.3390/jcm10132889

Tadd, K., Morgan, L., Rosenow, T., Schultz, A., Susanto, C., Murray, C., et al. (2019). CF
derived scoring systems do not fully describe the range of structural changes seen on 
CT scans in PCD. Pediatr. Pulmonol. 54, 471–477. doi:10.1002/ppul.24249

Tambascio, J., de Souza, H. C. D., Martinez, J. A. B., Afonso, J. L., Jardim, J. R., and 
Gastaldi, A. C. (2013). The influence of purulence on ciliary and cough transport in 
bronchiectasis. Respir. Care 58, 2101–2106. doi:10.4187/respcare.02152

Taussig, L. M., Wright, A. L., Holberg, C. J., Halonen, M., Morgan, W. J., and Martinez, F. 
D. (2003). Tucson children’s respiratory study: 1980 to present. J. Allergy Clin. Immunol.
111, 661–675. doi:10.1067/mai.2003.162

Thomsen, S. F. (2015). Genetics of asthma: an introduction for the clinician. Eur. Clin. 
Respir. J. 2, 24643. doi:10.3402/ecrj.v2.24643

Thornton, D. J., Davies, J. R., Kraayenbrink, M., Richardson, P. S., Sheehan, J. K., 
and Carlstedt, I. (1990). Mucus glycoproteins from ’normal’ human tracheobronchial 
secretion. Biochem. J. 265, 179–186. doi:10.1042/bj2650179

Tipirneni, K. E., Zhang, S., Cho, D.-Y., Grayson, J., Skinner, D. F., Mackey, C., et al. 
(2018). Submucosal gland mucus strand velocity is decreased in chronic rhinosinusitis. 
Int. Forum Allergy and Rhinology 8, 509–512. doi:10.1002/alr.22065

Frontiers in Physiology 13 frontiersin.org

https://doi.org/10.3389/fphys.2026.1760997
https://doi.org/10.1136/thx.2010.136119
https://doi.org/10.1038/s41598-020-72672-6
https://doi.org/10.1016/j.rmed.2015.08.008
https://doi.org/10.1074/jbc.M413289200
https://doi.org/10.1152/jappl.1992.72.4.1604
https://doi.org/10.1073/pnas.2121731119
https://doi.org/10.3390/jcm14134778
https://doi.org/10.1183/23120541.01035-2024
https://doi.org/10.1016/S1095-6433(01)00317-8
https://doi.org/10.1164/arrd.1967.96.1.83
https://doi.org/10.1038/mi.2010.62
https://doi.org/10.1113/jphysiol.1996.sp021515
https://doi.org/10.1093/infdis/jiac191
https://doi.org/10.1007/BF01644188
https://doi.org/10.1056/NEJMoa1105185
https://doi.org/10.1164/rccm.201906-1219OC
https://doi.org/10.1016/j.jcf.2012.05.003
https://doi.org/10.1183/13993003.01390-2015
https://doi.org/10.1007/s12016-015-8525-4
https://doi.org/10.1016/j.iac.2019.03.001
https://doi.org/10.1042/bj2220371
https://doi.org/10.1164/rccm.201404-0703OC
https://doi.org/10.1056/NEJMoa1709847
https://doi.org/10.1002/ppul.1950100415
https://doi.org/10.1371/journal.pone.0032366
https://doi.org/10.1128/iai.01876-14
https://doi.org/10.1038/nmicrobiol.2016.31
https://doi.org/10.1183/13993003.00209-2016
https://doi.org/10.1073/pnas.1534804100
https://doi.org/10.2500/ajra.2014.28.4018
https://doi.org/10.1378/chest.94.6.1211
https://doi.org/10.1513/AnnalsATS.201512-797OC
https://doi.org/10.1172/JCI120901
https://doi.org/10.1038/35037627
https://doi.org/10.1111/j.1432-1033.1984.tb08273.x
https://doi.org/10.1016/S0008-8749(03)00059-5
https://doi.org/10.1002/14651858.CD012102.pub2
https://doi.org/10.3389/fphys.2023.1323865
https://doi.org/10.3389/fphys.2024.1392443
https://doi.org/10.3389/fphys.2024.1392443
https://doi.org/10.3390/jcm10132889
https://doi.org/10.1002/ppul.24249
https://doi.org/10.4187/respcare.02152
https://doi.org/10.1067/mai.2003.162
https://doi.org/10.3402/ecrj.v2.24643
https://doi.org/10.1042/bj2650179
https://doi.org/10.1002/alr.22065
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org


Costello and Birket 10.3389/fphys.2026.1760997

Uddin, M., Watz, H., Malmgren, A., and Pedersen, F. (2019). NETopathic inflammation 
in chronic obstructive pulmonary disease and severe asthma. Front. Immunol. 10, 47. 
doi:10.3389/fimmu.2019.00047

Van Goor, F., Hadida, S., Grootenhuis, P. D. J., Burton, B., Cao, D., Neuberger, T., et al. 
(2009). Rescue of cf  airway epithelial cell function in vitro by a CFTR potentiator, 
VX-770. Proc. Natl. Acad. Sci. 106, 18825–18830. doi:10.1073/pnas.0904709106

Veit, G., Vaccarin, C., and Lukacs, G. L. (2021). Elexacaftor co-potentiates the 
activity of F508del and gating mutants of CFTR. J. Cyst. Fibros. 20, 895–898. 
doi:10.1016/j.jcf.2021.03.011

Wang, B., Lim, D. J., Han, J., Kim, Y. S., Basbaum, C. B., and Li, J.-D. (2002). Novel 
cytoplasmic proteins of nontypeable Haemophilus influenzae Up-regulate human 
MUC5AC mucin transcription via a positive p38 mitogen-activated protein kinase 
pathway and a negative phosphoinositide 3-Kinase-Akt pathway. J. Biol. Chem. 277, 
949–957. doi:10.1074/jbc.M107484200

Wang, B. X., Wheeler, K. M., Cady, K. C., Lehoux, S., Cummings, R. D., Laub, M. 
T., et al. (2021). Mucin glycans signal through the sensor kinase RetS to inhibit 
virulence-associated traits in Pseudomonas aeruginosa. Curr. Biol. 31, 90–102.e107. 
doi:10.1016/j.cub.2020.09.088

Welsh, M. J., and Smith, A. E. (1993). Molecular mechanisms of CFTR chloride channel 
dysfunction in cystic fibrosis. Cell 73, 1251–1254. doi:10.1016/0092-8674(93)90353-R

Wheeler, K. M., Cárcamo-Oyarce, G., Turner, B. S., Dellos-Nolan, S., Co, J. Y., Lehoux, 
S., et al. (2019). Mucin glycans attenuate the virulence of Pseudomonas aeruginosa in 
infection. Nat. Microbiol. 4, 2146–2154. doi:10.1038/s41564-019-0581-8

Whittaker, L., Niu, N., Temann, U.-A., Stoddard, A., Flavell, R. A., Ray, A., et al. 
(2002). Interleukin-13 mediates a fundamental pathway for airway epithelial mucus 
induced by CD4 T cells and Interleukin-9. Am. J. Respir. Cell Mol. Biol. 27, 593–602. 
doi:10.1165/rcmb.4838

WHO (2024). Asthma. Available online at:  https://www.who.int/news-room/fact-
sheets/detail/asthma (Accessed October 15, 2025).

Widdicombe, J. (1995). Relationships among the composition of mucus, epithelial 
lining liquid, and adhesion of microorganisms. Am. J. Respir. Crit. Care Med. 151, 
2088–2092. doi:10.1164/ajrccm.151.6.7767562

Wijers, C. D., Chmiel, J. F., and Gaston, B. M. (2017). Bacterial infections in patients 
with primary ciliary dyskinesia: Comparison with cystic fibrosis. Chronic Respir. Dis.
14, 392–406. doi:10.1177/1479972317694621

Wolter, D. J., Emerson, J. C., McNamara, S., Buccat, A. M., Qin, X., Cochrane, E., 
et al. (2013). Staphylococcus aureus small-colony variants are independently associated 
with worse lung disease in children with cystic fibrosis. Clin. Infect. Dis. 57, 384–391. 
doi:10.1093/cid/cit270

Woodruff, P. G., Wolff, M., Hohlfeld, J. M., Krug, N., Dransfield, M. T., Sutherland, E. R., 
et al. (2010). Safety and efficacy of an inhaled epidermal growth factor receptor inhibitor 
(BIBW 2948 BS) in chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med.
181, 438–445. doi:10.1164/rccm.200909-1415OC

Worlitzsch, D., Tarran, R., Ulrich, M., Schwab, U., Cekici, A., Meyer, K. C., et al. 
(2002). Effects of reduced mucus oxygen concentration in airway pseudomonas 
infections of cystic fibrosis patients. J. Clinical Investigation 109, 317–325. doi:10.1172/
JCI13870

Xia, W., Bai, J., Wu, X., Wei, Y., Feng, S., Li, L., et al. (2014). Interleukin-17A promotes 
MUC5AC expression and goblet cell Hyperplasia in nasal polyps via the Act1-Mediated 
pathway. PLOS ONE 9, e98915. doi:10.1371/journal.pone.0098915

Yang, N., Garcia, M. A. S., and Quinton, P. M. (2013). Normal mucus formation 
requires cAMP-dependent HCO3− secretion and Ca2+-mediated mucin exocytosis. J. 
Physiology 591, 4581–4593. doi:10.1113/jphysiol.2013.257436

Yoshida, T., and Tuder, R. M. (2007). Pathobiology of cigarette smoke-
induced chronic obstructive pulmonary disease. Physiol. Rev. 87, 1047–1082. 
doi:10.1152/physrev.00048.2006

Yoshida, Y., Takaku, Y., Nakamoto, Y., Takayanagi, N., Yanagisawa, T., Takizawa, H., 
et al. (2020). Changes in airway diameter and mucus plugs in patients with asthma 
exacerbation. PLOS ONE 15, e0229238. doi:10.1371/journal.pone.0229238

Yuan, S., Hollinger, M., Lachowicz-Scroggins Marrah, E., Kerr Sheena, C., 
Dunican Eleanor, M., Daniel Brian, M., et al. (2015). Oxidation increases mucin 
polymer cross-links to stiffen airway mucus gels. Sci. Transl. Med. 7, 276ra227. 
doi:10.1126/scitranslmed.3010525

Yuta, A., Doyle, W. J., Gaumond, E., Ali, M., Tamarkin, L., Baraniuk, J. N., et al. (1998). 
Rhinovirus infection induces mucus hypersecretion. Am. J. Physiology-Lung Cell. Mol. 
Physiology 274, L1017–L1023. doi:10.1152/ajplung.1998.274.6.L1017

Zhen, G., Park, S. W., Nguyenvu, L. T., Rodriguez, M. W., Barbeau, R., Paquet, A. C., 
et al. (2007). IL-13 and epidermal growth factor receptor have critical but distinct 
roles in epithelial cell mucin production. Am. J. Respir. Cell Mol. Biol. 36, 244–253. 
doi:10.1165/rcmb.2006-0180OC

Frontiers in Physiology 14 frontiersin.org

https://doi.org/10.3389/fphys.2026.1760997
https://doi.org/10.3389/fimmu.2019.00047
https://doi.org/10.1073/pnas.0904709106
https://doi.org/10.1016/j.jcf.2021.03.011
https://doi.org/10.1074/jbc.M107484200
https://doi.org/10.1016/j.cub.2020.09.088
https://doi.org/10.1016/0092-8674(93)90353-R
https://doi.org/10.1038/s41564-019-0581-8
https://doi.org/10.1165/rcmb.4838
https://www.who.int/news-room/fact-sheets/detail/asthma
https://www.who.int/news-room/fact-sheets/detail/asthma
https://doi.org/10.1164/ajrccm.151.6.7767562
https://doi.org/10.1177/1479972317694621
https://doi.org/10.1093/cid/cit270
https://doi.org/10.1164/rccm.200909-1415OC
https://doi.org/10.1172/ JCI13870
https://doi.org/10.1172/ JCI13870
https://doi.org/10.1371/journal.pone.0098915
https://doi.org/10.1113/jphysiol.2013.257436
https://doi.org/10.1152/physrev.00048.2006
https://doi.org/10.1371/journal.pone.0229238
https://doi.org/10.1126/scitranslmed.3010525
https://doi.org/10.1152/ajplung.1998.274.6.L1017
https://doi.org/10.1165/rcmb.2006-0180OC
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

	Mucus in the airway
	Mucus in disease
	Molecular mechanisms of increased mucus secretion
	Mucus in response to infection
	Therapeutics
	Conclusion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	titrhcolReferences

