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Abstract

Coronavirus disease 2019 (COVID-19) is a worldwide pandemic caused by severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) that has affected millions of lives. Individuals 

who survive severe COVID-19 can experience sustained respiratory symptoms that persist for 

months after initial infection. In other airway diseases, abnormal airway mucus contributes to 

sustained airway symptoms. However, the impact of SARS-CoV-2 on airway mucus has received 

limited attention. In the current review, we assess literature describing the impact of SARS-CoV-2 

on airway pathophysiology with specific emphasis on mucus production. Accumulating evidence 

suggests that the 2 major secreted airway mucin glycoproteins, MUC5AC and MUC5B, are 

abnormal in some patients with COVID-19. Aberrations in MUC5AC or MUC5B in response to 

SARS-CoV-2 infection are likely due to inflammation, though the responsible mechanisms have 

yet to be determined. Thus, we also provide a proposed model highlighting mechanisms that 

can contribute to acute and sustained mucus abnormalities in SARS-CoV-2, with an emphasis on 

inflammatory cells and mediators, including mast cells and histamine. Last, we bring to light the 

challenges of studying abnormal mucus production in SARS-CoV-2 infections and discuss the 

strengths and limitations of model systems commonly used to study COVID-19. The evidence to 

date suggests that ferrets, nonhuman primates, and cats may have advantages over other models to 

investigate mucus in COVID-19.
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Coronavirus disease 2019 (COVID-19) is a worldwide pandemic caused by severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2), a positive-sense RNA virus. Following 

viral exposure, onset of clinical disease occurs in 2 to 14 days (median ~4–5 days).41 

While most individuals experience mild to moderate clinical disease, approximately 10% to 

15% of clinically affected individuals will develop severe illness characterized by dyspnea 

leading to hospitalization, intensive care treatment, and/or death. Severe COVID-19 cases 
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are often diagnosed with acute respiratory distress syndrome (ARDS), and consistent with 

this condition, diffuse alveolar disease is detectable in many autopsy cases.5 Age, sex, 

preexisting health conditions, socioeconomic background, and race/ethnicity are among 

factors that influence disease outcomes.76,84,106

Changes in composition and amount of airway mucus are common to multiple 

airway diseases, such as asthma, cystic fibrosis, and chronic obstructive pulmonary 

disease (COPD). Abnormal mucus is fundamental in the pathogenesis of these 

conditions.7,17,112,113,124 Autopsy studies indicate that accumulation of airway mucus is 

associated with COVID-19-related lung disease. This mucus could be a consequence of 

airway intubation, which disrupts mucociliary clearance and necessitates regular mucus 

treatments.6 However, there is growing clinical evidence that COVID-19 causes sustained 

airway dysfunction in some individuals.61 These individuals exhibit persistent symptoms, 

including cough and shortness of breath.55 Given that mucus is a common trigger for cough 

and can obstruct conduction of air to make it difficult to breathe, long-term alterations in 

mucus production and/or its biophysical properties may contribute to sustained COVID-19 

airway symptoms. Here, we review evidence that mucus is abnormal in COVID-19 and 

propose potential mechanisms. We will highlight 2 major secreted airway mucins, MUC5AC 

and MUC5B, and the potential contribution of mast cells and histamine in their regulation. 

We focus this review on mucins in the lung, a site of significant disease in individuals with 

severe COVID-19, but we recognize that mucins are also important in the sinonasal cavity 

where viral infection initially occurs. Although other proteins, such as defensins, trefoil 

proteins, and immunoglobin A, are secreted and part of mucus, mucins provide the major 

viscoelastic properties of mucus and are thus the focus of this review.2,25

Evidence for Abnormal Mucus in COVID-19

Mucus is a protective substance that normally forms a thin cover over airway epithelial 

surfaces and consists mostly of glycoproteins and water. Mucins, which are heterogeneous 

glycoproteins, make up a large portion of mucus.29,35,116 MUC5AC and MUC5B represent 

the major secreted gelforming mucins in the human airway and drive the biophysical 

properties of mucus in airway health and disease.22

Many patients with COVID-19 are mechanically ventilated. It is speculated that changes 

in mucins can leave the airway susceptible to injury and impact ventilation efforts for 

alveolar gas exchange. Support for this concept is provided largely by animal models of 

ventilator-induced injury. In mice, for example, ventilator-induced injury decreases MUC5B 

expression but increases MUC5AC expression.50 In that study, changes in MUC5B and 

MUC5AC abundances were associated with airway obstruction and pulmonary edema. 

MUC5AC was highlighted as a driver of ventilator-induced injury since pulmonary edema 

and inflammation were less severe in mice lacking MUC5AC.50 Furthermore, mice lacking 

MUC5AC had improved gas exchange in response to ventilator-induced injury, indicating 

a detrimental role for MUC5AC in airway injury. An additional study in lambs found that 

ventilator injury increased airway MUC5B expression approximately 10 hours after injury.16 

The increase in MUC5B was preceded by an increase in pro-inflammatory mediators, 

including IL-1β. The authors did not report on MUC5AC levels.16 In humans 50 years 
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of age or older, a MUC5B variant associated with increased MUC5B promoter activity 

increases the risk of developing ARDS.93 Combined, these studies highlight how mucin 

expression affects lung injury and inflammation during mechanical ventilation, and thus is 

hypothesized to influence COVID-19 pathogenesis and recovery.

Support for this hypothesis is provided by several COVID-19 studies. For example, a 

multicenter study of COVID-19 patient autopsies identified diffuse alveolar damage and 

neutrophilic inflammation as common lung lesions. Interestingly, dense mucoid material 

was often observed in airway lumens of bronchi and bronchioles.10 In another autopsy 

study of COVID-19 cases, mucus plugging was observed in small airways that extended 

into alveoli.118 While intubation can cause mucus accumulation, one patient in that study 

received oxygen intranasally without intubation, but still displayed increased airway mucus, 

indicating that intubation was not the cause. Additionally, samples from individuals with 

severe acute respiratory distress syndrome (SARS) were also studied but lacked evidence of 

mucus plugs. Therefore, the authors concluded that excess mucus was specific to COVID-19 

and not necessarily a consequence of intubation and ventilator-induced lung injury.118 In 

another study consisting of 21 individuals, postmortem analysis revealed inflammation of 

the tracheal mucosa with evidence of increased mucus production in one third of the 

samples.67 Sputum, which consists in part of mucus, was found in another study to be 

“stickier” in patients that were critically ill with COVID-19.121

Although elevations in MUC5AC and/or MUC5B expression are associated with abnormal 

mucus composition (eg, increased viscosity) in airway diseases such as cystic fibrosis, 

chronic obstructive pulmonary disease, and asthma,13,24,38,49,78 limited studies have 

specifically examined MUC5AC or MUC5B in COVID-19. One small cohort study of 16 

COVID-19 patients found mucus retention in the airways.60 In this study, bronchoscopic 

aspiration was required to remove the highly viscous mucus. The recovered material 

exhibited elevated amounts of MUC5AC. Although ~79% of the patients in that study 

required ventilation, all 16 patients recovered and were later discharged. The authors 

postulated that the high recovery rate was due to removal of the sticky mucus, resulting 

in better ventilation and reduced hypoxia. An additional study using single-cell RNA 

sequencing of airway epithelia obtained from patients with COVID-19 demonstrated 

increased transcript abundance for MUC5AC and MUC5B in club cells.36 The authors 

concluded that club cells were hyper-secreting mucin and speculated that increased mucin 

secretion could amplify inflammation and lead to secondary infection. Our own unpublished 

observations suggest that the SARS-CoV-2 spike protein per se can also augment MUC5AC 

production, independent of inflammation, in cultured airway epithelial cells. Additionally, a 

small study found that individuals with higher SARS-CoV-2 infectivity rates and disease 

severity had increased representation of a MUC5B promoter polymorphism known to 

also increase susceptibility to severe asthma.43 The authors concluded that polymorphisms 

in the MUC5B promoter influence infectivity rates and disease progression in humans. 

Since alterations in the abundance of mucins can change the biophysical properties (eg, 

viscosity) of mucus and impair mucociliary transport,2,39 it is also important to consider that 

impaired mucociliary transport could additionally make COVID-19 patients susceptible to 

secondary bacterial infection.114 Although lower airway mucociliary transport has not been 
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measured in humans with COVID-19, nasal mucociliary clearance is impaired in COVID-19 

patients.51

A large portion of COVID-19 patients develop pulmonary fibrosis and several mechanisms 

of viral immunopathology have been proposed.58,119,128 One consideration not often 

discussed is the potential influence and interaction of MUC5B in the context of COVID-19-

related lung infection. For example, Seibold and colleagues reported that a polymorphism 

in the MUC5B promoter was associated with pulmonary fibrosis in humans.99 Interestingly, 

the MUC5B promoter polymorphism resulted in up to 14× greater MUC5B expression in 

the airways compared to wildtype.99 An additional study found that the same polymorphism 

was associated with interstitial lung disease, which has been proposed by some to represent 

early or mild fibrosis.83 Taken together, these observations suggest that in addition to 

obstructing the airways, altered MUC5B expression could contribute to pulmonary fibrosis.

Last, though we have highlighted excess mucus as a contributor to COVID-19, it is 

equally important to consider the protective role of mucus in the airway. For example, 

Roy and colleagues found that loss of MUC5B in mice impaired mucociliary clearance, 

leading to accumulation of materials in the airways.96 Consequently, mice lacking MUC5B 

also exhibited airway bacterial infections. Similar findings have been reported in pigs 

lacking submucosal glands and concomitant MUC5B originating from submucosal glands.79 

Therefore, MUC5B is essential for proper mucociliary clearance. Though excess MUC5AC 

is typically associated with airway diseases, a study in mice demonstrated that excess 

MUC5AC increased protection against pathogens.18 Thus, it is possible that excess mucus in 

COVID-19 is a response meant to protect the airway.

Potential Mechanisms of Abnormal Mucus and Mucins in COVID-19

Typically, COVID-19 is associated with a significant type I immune response and 

subsequent release of pro-inflammatory cytokines. For example, multiple reports indicate 

that humans infected with SARS-CoV-2 had elevated IL-1β,11,64 where it can serve as a 

primary driver of inflammation in ARDS.19,32 Consistent with this, a small study revealed 

that blocking IL-1β signaling in COVID-19 patients improved patient outcome.12 In 

airway epithelium, IL-1β is a potent inducer of MUC5AC.27,33,34,46,105 One mechanism of 

IL-1β mediated induction of MUC5AC is through cAMP response element-binding protein 

(CREB)-dependent NF-kB-based transcriptional regulation.27,105 IL-1β was associated with 

increased abundance of MUC5B in patients with cystic fibrosis.13 Thus, these data indicate 

that MUC5AC and/or MUC5B are likely to be increased in COVID-19 through IL-1β 
signaling.

TNF-α is likely to play a critical role in COVID-19 disease and specifically mucus 

production. For example, Del Valle and colleagues found that TNF-α serum levels were 

a strong predictor of patient survival.15 In another study, use of a TNF-α inhibitor was 

associated with decreased risk of hospitalization in COVID-19.30 TNF-a induces numerous 

downstream cytokines and regulates both MUC5AC103 and MUC5B.104 In mice, for 

example, a 2-week administration of TNF-α increased MUC5AC expression in the airway.8 

In intestinal cancer cells, TNF-α increased MUC5B, but not MUC5AC. Therefore, it is 
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plausible that TNF-α directly or indirectly regulates mucin and contributes to abnormal 

mucus in COVID-19.20

Increasing evidence indicates that hyperinflammatory responses in some COVID-19 patients 

likely involve dysfunctional mast cells.1 Mast cells secrete large amounts of cytokines and 

chemokines and are generally thought of in the context of inducing allergic reactions. 

However, mast cells are a unique cell type that can both store presynthesized TNF-α 
granules for rapid release and also synthesize this cytokine de novo.31,91 Motta Junior and 

colleagues reported elevated mast cell density in a small cohort of airway samples from 

postmortem COVID-19 lung samples.72 An additional autopsy case report of an 87-year-old 

patient found high numbers of alveolar mast cells in the lung.90 Activation of mast cells 

is speculated to occur in COVID-19 through binding of SARS-CoV-2 to toll-like receptors 

located on mast cells98 or via cytokine activation.1

Histamine is a key mediator of tissue changes following mast cell degranulation. Histamine 

directly interacts with tissues expressing histamine receptors (H1-4) and can promote a 

variety of changes that could contribute to COVID-19 pathogenesis such as inflammation, 

platelet aggregation, broncho-constriction, vasodilation, edema, and mucus secretion.111 

Given that mast cells, via release of histamine, are key regulators of mucins,48,120,125 it 

is tenable that sustained or abnormal mast cell responses contribute to airway disease in 

COVID-19 through multiple mechanisms, including inflammation and abnormal mucus 

(Fig. 1). If mast cells functionally contribute to COVID-19 disease, one could speculate that 

antihistamines have a therapeutic effect, in part through blocking the H1 receptor. Consistent 

with this speculation, coincident usage of antihistamines such as diphenhydramine, 

hydroxyzine, and azelastine was associated with reduced incidence of SARS-CoV-2 

infection in elderly subjects (>61 years).89 Similarly, in one study early in the pandemic, 

nursing home residents (N = 84, mean age 85 years) with suspected clinical COVID-19 

were treated with antihistamines + azithromycin. All antihistamine-treated residents were 

later confirmed as seropositive for SARS-CoV-2, indicative of prior SARS-CoV2 infection. 

All antihistamine-treated residents in this study survived without hospitalization or death, 

whereas patient hospitalizations and deaths were present in the same facility immediately 

prior to the start of the study. This observation was also in stark contrast to the average 

28% COVID-19 mortality observed at comparable nursing homes without an antihistamine 

treatment protocol over the same time period, suggesting that antihistamine therapy may 

have limited progression to severe disease.71 While it is interesting to speculate that 

antihistamines reduce clinical progression of COVID-19 through antagonism of histamine 

binding with H1 receptor, other histamine receptors and mechanisms could be involved. For 

example, angiotensin-converting enzyme 2 (ACE2) is the cellular receptor for SARS-CoV-2 

and antihistamines directly affect the interaction of the virus with ACE2.77,89

Though inflammatory mediators can drive mucin expression by directly increasing mucin 

expression at the transcriptional level, these mediators can induce mucous cell metaplasia 

and hyperplasia resulting in increased airway mucus. For example, in asthma, mucous 

cell metaplasia is driven by type II inflammatory mediators, including IL-13 and IL-4. 

Respiratory syncytial virus may also induce airway goblet cell metaplasia through type II 

inflammatory mediators.75,107 While there is no peer-reviewed literature to indicate that 
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SARS-CoV-2 causes mucous cell metaplasia, chronic TNF-α treatment in mice has been 

reported to induce mucous cell metaplasia.8 Similarly, overexpression of IL-1β in mouse 

airways also induces mucous cell metaplasia,54 whereas mucous cell hyperplasia in mice 

with experimental allergic asthma has been shown to partly depend on mast cells.126 

These data highlight that in addition to transcriptional regulation, inflammatory mediators 

associated with SARS-CoV-2 also have the capacity to increase mucin production through 

eliciting mucous cell metaplasia and hyperplasia.

In intubated and ventilated individuals with COVID-19, it is important to consider how 

other nonviral factors such as secondary bacterial infection and/or mechanical inflation 

pressures can contribute to increased mucus production. High incidence of secondary 

infections has been reported in people hospitalized with COVID-19, including infection 

with Pseudomonas aeruginosa and Staphylococcus aureus.92,100 Since bacterial cell wall 

components regulate mucin production,56,57 increased mucus could also be a consequence 

of bacterial infection. It is also possible that epithelial stress due to mechanical ventilation 

increases mucus production. For example, ATP is released in response to mechanical stress,9 

and studies suggest that ATP stimulates mucin release.52 Thus, these factors in addition to 

(or independent of) inflammatory mediators may promote excess mucus.

Challenges for Modeling SARS-CoV-2 and Airway Mucus

Emergence of the COVID-19 pandemic has highlighted an important role of animal 

models to study SARS-CoV-2 infection.73 Selection of an animal model for SARS-CoV-2 

requires many considerations, including infrastructure for animal care, permissiveness to 

viral replication or transmission, evaluation of vaccines or therapies, clinical disease, and 

pathology.53 While several animal models have been successfully studied to investigate 

SARS-CoV-2 infection28,66,97,102,108 or airway mucus,21,23,26,44,68,78,96 consideration for 

the strengths and limitations of each animal model as it relates to the human condition 

should be considered when studying mucus in the context of COVID-19.

In humans, cartilaginous airways extend from the trachea into the intrapulmonary bronchi 

and are associated with the presence of submucosal glands, a rich source of airway 

secretions including mucus.68 In contrast, bronchioles are small conducting airways 

identified by a lack cartilage or submucosal glands. Goblet cells are preferentially found 

in the surface epithelium in large airways and serve as another source of airway mucus 

that can function with submucosal gland mucus to facilitate mucociliary transport.78 Of 

the 2 common mucins in airways, MUC5AC is restricted to goblet cells of the surface 

epithelium whereas MUC5B is present in mucous cells of the submucosal glands and in 

goblet cells.69 These 2 secreted mucins have distinct mucus morphology and interaction 

in their respective roles for normal mucociliary transport.78 Regional expression of genes 

and local environment influence secreted mucus properties. For instance, ATP12A is a 

nongastric H+/K+ transporter that can acidify secreted airway surface liquid of trachea and 

bronchi in disease conditions such as cystic fibrosis. This acidification can cause mucus 

to become more viscous and tenacious,88,101,110 and enhance airway reactivity leading to 

exaggerated airway contraction and mucus secretion.
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Considerations to study airway mucus in animal models should include airway structural 

anatomy, cellularity, and gene expression, as differences in these parameters influence 

translatability to humans. In addition, for COVID-19 studies, evaluation of mucus should 

include a model that has a reasonable ability to be infected by SARS-CoV-2. Mouse 

models are a convenient tool to study SARS-CoV-2 infection given variety of approaches 

and strains available for use.73,108,129 While mouse models have successfully been 

used to study respiratory mucus in various diseases,23,50,96,130 they have some inherent 

limitations for translatability of mucus studies to human disease. Within the mouse lung, 

the conducting airways are exclusively bronchioles.68,95 Murine bronchioles lack mucus-

secreting submucosal glands and goblet cells, but when stimulated, the bronchiolar club 

cells can be transformed into mucus producing cells.86 These and other features indicate 

the mouse trachea and lungs are most similar in structure, cellularity, and function to the 

distal small airways and pulmonary acinus in humans (Table 1). While mice are useful to 

test SARS-CoV-2 infection, these and other small rodent models are limited to study the 

interaction of mucus derived primarily from submucosal glands and goblet cells of surface 

epithelia. Hamsters are another rodent that is amendable to SARS-CoV-2 infection,102 but 

these rodents also have submucosal glands in restricted distribution to the upper trachea and 

primary extrapulmonary bronchus, similar to mice and rats.123

Large and medium-sized animal models can help fill the limitations of small rodents 

as candidates for study of mucus in SARS-CoV-2 infection. For example, ferrets have 

intrapulmonary bronchi with submucosal glands and are susceptible to SARS-CoV-2 

infection.37,45,47,63 Similarly, cats have intrapulmonary bronchi with submucosal glands, 

are a well-known veterinary model of asthma, and are naturally susceptible to SARS-

CoV-2.40,115 Pigs have airway structure, cell lineages, and composition similar to humans 

and have submucosal glands in intrapulmonary bronchi.95 However, the use of adult pigs 

is limited because of their apparent lack of susceptibility to SARS-CoV-2 infection.65,117 

Nonhuman primates are an additional model of SARS-CoV-2 infection.59 Like humans, 

nonhuman primates have a dichotomous pattern of airway branching and intrapulmonary 

bronchi with submucosal glands.82 Nonhuman primates (like humans and pigs) also have 

mucous cells in the surface epithelium of airways under basal conditions, which contrasts 

with mice. Therefore, these anatomical and physiological differences among animal models 

should be carefully considered when interpreting lung pathology in response to SARS-

CoV-2, especially as it relates to airway mucus.

Based on current evidence, the cat, nonhuman primate, and ferret appear to be useful 

animal models to study mucus in SARS-CoV-2 infection. All exhibit natural SARS-CoV-2 

infection and have ACE2 structure similar to humans.59,122,127 However, the ferret has 

several advantages over cats and non-human primates, which are likely to appeal to 

investigators. First, the ferret is increasingly used as a model to understand human 

diseases, and particularly to study both infectious and noninfectious airway diseases.4,109 

It was used to study the initial SARS coronavirus nearly 2 decades ago.62 Thus, there 

is significant information available regarding mucus abnormalities in ferrets, as well as 

detailed information on conducting coronavirus studies in ferrets. Furthermore, ferrets are 

cost-effective, easily handled, and housed conventionally, which is an advantage compared 

with cats and nonhuman primates.42 Additionally, due to their increasing use in biomedical 
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research, reagents specific for ferret studies are now available. Furthermore, though 

nonhuman primates have been used to study human airway diseases, there are reportedly 

species-specific differences in their ability to reproduce some features of COVID-19.59 Last, 

the societal and cultural perceptions surrounding animal research, especially those involving 

domestic cats and nonhuman primates, may limit their use.3

Conclusions

Mucus is an important pathological feature in multiple airway diseases. Mast cells can 

regulate mucus composition and secretion via histamine and other secreted mediators. 

Abnormal mucus in SARS-CoV-2 infection can obstruct the airways to interfere with 

ventilation strategies or promote secondary infections due to inhibition of mucociliary 

clearance. Many of the cytokines responsible for severe COVID-19 are known regulators 

of mucins, the major constituents of airway mucus. Therefore, it is anticipated that mucus 

is abnormal in SARS-CoV-2 infections. Consistent with this, multiple studies indicate that 

the amount, composition, and/or biophysical properties of mucus in COVID-19 patients is 

abnormal. Such information could have a significant impact on clinical treatment and care 

now and extending into the future.
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Figure 1. 
Proposed model indicating the influence of mast cells and histamine on mucus production 

in COVID-19. Mounting evidence suggests that SARS-CoV-2 infection increases mucus 

production. We propose that SARS-CoV-2 may influence mucus through activating mast 

cells directly or via adjacent epithelia, leading to mast cell degranulation. As a result, 

inflammatory mediators (eg, IL-1β and TNF-α), and histamine released from mast cells 

contribute to the elevated inflammatory state and exacerbate abnormal mucus production, 

aggravating clinical respiratory disease. Additionally, histamine released from mast cells 

induces clinical parameters such as cough, edema, and airway broncho-constriction. 

An increase in mucus production can result in abnormally sticky mucus that impedes 

mucociliary transport to promote airway obstruction and limit subsequent airway ventilation. 

Antihistamines may be useful agents to block histamine signaling (and possibly other 

mechanisms) and mitigate clinical severity of COVID-19. Green lines indicate modifiers 

of clinical disease. Abbreviations: MCT, mucociliary transport; MUC5AC, mucin5AC; 

MUC5B, mucin5B; IL-1β, interleukin 1-β; TNF-α, tumor necrosis factor-α.
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Table 1.

Comparison of select structural, cellular, and expression parameters between human and mouse airways 

related to airway mucus.

Airway parameter
Human
trachea

Human
distal

airways
Mouse
trachea

Caliber (mm)74,80,85 15–20 0.5–1.0 ~1.5

Submucosal glands (μL cm−2)14,70 25–40 Zero Zero to rare

Surface epithelium height (μm)87,94 50–100 15 11–14

Club cells (% of surface epithelium)81 0 11–41 >50

Goblet cells (% of surface epithelium)81,87 9 0–2 <1

ATP12A expression101 High Nominal to absent Nominal to absent
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