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Mucus plays a vital role in protecting the lungs from environmental factors,
but conversely, in muco-obstructive airway disease, mucus becomes pathologic. In its
protective role, mucus entraps microbes and particles removing them from the lungs via
the co-ordinated beating of motile cilia. This mechanism of lung defence is reliant upon a
flowing mucus gel, and the major macromolecular components that determine the rheo-
logical properties of mucus are the polymeric mucins, MUC5AC and MUC5B. These
large O-linked glycoproteins have direct roles in maintaining lung homeostasis. MUC5B
is essential for interaction with the ciliary clearance system and MUC5AC is up-regulated
in response to allergic inflammatory challenge. Mucus with abnormal biophysical
properties is a feature of muco-obstructive respiratory disease and can result from many
different mechanisms including alterations in mucin polymer assembly, mucin concentra-
tion and the macromolecular form in mucus, as well as changes in airway surface hydra-
tion, pH and ion composition. The abnormal mucus results in defective lung protection
via compromised ciliary clearance, leading to infection and inflammation.

Introduction
The human lungs inhale up to 12 000 l of air a day, containing over 100 billion particles, chemicals
and pathogens [1], and to maintain a healthy lung, the airways are protected by an extracellular
hydrogel, the mucus barrier. Mucus forms a discontinuous layer and the maintenance of this barrier
is vital for protection of the airway epithelium as it provides the first line of innate immune defence,
trapping inhaled particles and pathogens, and dissolving noxious gases, thus preventing invasion and
damage of the underlying tissue. The mucus-entrapped particles and toxicants are removed from the
airways by the co-ordinated beating of cilia (mucociliary clearance, MCC), and impairment of
this crucial protective mechanism results in mucus accumulation and plugging of the airways
and infection and inflammation, which are common features of obstructive airway disease. Mucus is a
complex, viscoelastic secretion containing proteins, lipids, ions and water; the major macromolecular
components of mucus are the O-linked glycoproteins, mucins.

Mucins
A total of 21 mucin genes have been identified (https://www.genenames.org), which are divided into
two families: the secreted mucins and the cell-tethered mucins. The major mucins produced in the
airways are the secreted polymeric mucins MUC5AC and MUC5B [2] and the cell-tethered mucins
MUC1, MUC4, MUC16 and MUC20 [3]. The cell-tethered mucins form the basis of a gel-like layer
surrounding the cilia (periciliary layer, PCL) that is essential for normal ciliary action to move mucus
out of the airways [4]; whereas, the polymeric mucins, which are the major focus of this brief
review, underpin the structure and organisation of the airways mucus gel and dictate its viscoelastic
properties. In the upper airways, MUC5AC is mainly produced in epithelial surface goblet cells,
whereas MUC5B is mainly secreted from mucous cells in submucosal glands [2,5,6]. However, in
the more distal airways, both MUC5AC and MUC5B are produced from secretory cells in the
epithelial surface [6–8].

Version of Record published:
28 August 2018

Received: 25 May 2018
Revised: 17 July 2018
Accepted: 18 July 2018

© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1099

Biochemical Society Transactions (2018) 46 1099–1106
https://doi.org/10.1042/BST20170402

http://orcid.org/0000-0001-7148-1970
https://www.genenames.org
https://www.genenames.org
https://creativecommons.org/licenses/by/4.0/


Polymeric airway mucins
MUC5AC and MUC5B are large (5–50 MDa), heavily O-glycosylated proteins with characteristic structural
domains (Figure 1). The N- and C-terminal regions consist of von Willebrand factor-like (vWF) domains in
the order D1–D2–D0–D3 and D4–B–C–CK, respectively, which are involved in polymerisation. The central
mucin domain is dominated by proline-, serine- and threonine-rich repetitive and non-repetitive sequences
that undergo O-glycosylation and account for up to 80% of the mucin molecular mass [2,9]. While sharing
common glycans, MUC5AC is more fucosylated, whereas MUC5B is more sialylated [10], and the extensive
O-glycosylation results in a stiffened mucin backbone, important for gel formation [11]. The mucin glycans
also play a central role in host–pathogen interactions, and alteration in the pattern of mucin glycans may lead
to bacterial colonisation and infection, although there are conflicting reports regarding mucin glycosylation and
bacterial interactions [9,12–15]. MUC5AC shares a similar glycosylation profile between individuals [16,17]. In
contrast, MUC5B has different charged forms (low- and high-charge glycoforms), most probably due to differ-
ent levels of sulfation; the high-charged glycoform being predominant in secretions from healthy airways [16].
The central mucin domain is interspersed with a variable number of cysteine-rich (Cys-rich) domains; there
are nine and seven Cys domains present in MUC5AC and MUC5B, respectively. These domains are highly
conserved and may have a role in controlling the network properties of mucus via non-covalent cross-links
between mucin polymers [18,19].
MUC5B and MUC5AC have distinct roles in maintaining a healthy airway epithelium. MUC5B is the pre-

dominant mucin in healthy human airways [16,17,20], and studies in mice deficient in Muc5b production have
shown that Muc5b is essential for MCC and the maintenance of a healthy airway by controlling bacterial infec-
tion and resolving inflammation following infection [21]. In contrast, MUC5AC production is much lower in
healthy airways, but is up-regulated, for example, in response to viral infections, where it acts as a decoy for
viral receptors and is essential for an inflammatory response [22–24]. In contrast with Muc5b, mice deficient in
Muc5ac survive normally, with no impairment in MCC or immune homeostasis of the lung [21].

From polymeric mucins to mucus
Polymeric mucin assembly
Owing to their complex nature and extreme size, mucins undergo a multi-step synthesis, with some mechanis-
tic details still remaining unclear. Here, we will outline the current knowledge of polymeric mucin assembly
that pertains to both MUC5AC and MUC5B. The assembly of the polymer takes ∼2 h. The fully assembled
polymers are stored within intracellular storage granules and the majority of mucins are released by 48 h
[25,26]. In the endoplasmic reticulum, the mucin molecule undergoes N-glycosylation and C-mannosylation,
and forms disulfide-linked dimers via the CK domain in the C-terminus [25,27]. The dimers transit the Golgi
where they undergo extensive O-glycosylation, then further polymerisation via disulfide linkage between D3
domains in the N-terminus, to form linear polymers [26,28–30].

Intragranular storage
Prior to secretion, the mucin polymers are compacted, dehydrated and stored in secretory granules, at a low
pH (∼pH 5.5) in the presence of calcium ions, and it is well established that calcium ions shield the anionic
charge on the sialic acid and sulfate groups on mucin glycans, aiding mucin compaction [31,32]. In addition,
calcium ions have specific interaction with the mucin polypeptide [33]. Non-covalent, calcium-dependent inter-
actions between the dimeric N-terminal domains of MUC5B (within and/or between polymers) are active at
the acidic conditions of the late secretory pathway and act to organise the mucin chains within the secretory
granules [28,34].

Post-secretory expansion
Upon granular release, the pH and calcium-dependent N-terminal intramolecular interactions are uncoupled
and the glycan-associated calcium ions are replaced by sodium ions [35]. This leads to an increase in mucin
hydration and its rapid expansion and change in conformation from a compact to a linear form, which is
required for the correct rheological properties of the mucus gel [31,34]. Mucin expansion is dependent
on many factors including airway surface hydration, pH and HCO�

3 availability [36–40], with a suboptimal
extracellular environment leading to aberrant mucus formation.
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Mucins in mucus
The macromolecular form and organisation of MUC5AC and MUC5B polymers within mucus are still open
questions, since much of our knowledge of mucin structure is based on information gained from studies on
purified mucins. Immunolocalisation of MUC5AC and MUC5B suggests that these two mucins are spatially
separated in mucus [20,41,42]. Recent studies in pigs have reported that MUC5B is released from submucosal
gland ducts in the form of strands or ‘mucin bundles’ between 5 and 50 mm in diameter, extending up to
hundreds of micrometres in length [43–46] (Figure 2). These bundles probably represent the side-by-side
association of multiple mucin chains. In contrast, MUC5AC, released from surface goblet cells, appeared as
‘wispy threads and sheets’, between 1 and 4 mm in diameter [45]. However, once on the surface epithelium,
the MUC5B strands can become partially coated with MUC5AC [20,41–46]. Whether MUC5B produced
from epithelial surface secretory cells associates laterally to form bundles is not known. Understanding the
functional significance of these different structural morphologies and if they are influenced by components
of the mucin interactome [47] requires further research.

Figure 2. Lung mucins in health and disease.

(A) In healthy airways, the protective mucus barrier consists mainly of MUC5B (blue) with a lesser amount of MUC5AC (red)

that entraps inhaled particles and microbes. MUC5B bundles are shown emanating from submucosal glands. Optimal airway

hydration maintains the correct rheological properties of the mucus gel, permitting efficient MCC. (B) In obstructive airway

disease, mucin concentration is increased, which collapses the PCL, compresses cilia and impairs or stops MCC.

Figure 1. Schematic representation of the domain structure of the polymeric mucins MUC5AC and MUC5B.

MUC5AC and MUC5B consist of vWF-like D domains (red) in the order D1–D2–D0–D3 at the N-terminus. The domains at the

C-terminus are in the order D4–B–C–CK. The central mucin domain is composed of repetitive (grey) and non-repetitive

sequences (green) enriched in serine, threonine and proline, interspersed with a variable number of Cys domains (blue); nine

for MUC5AC and seven for MUC5B. The D3 and CK domains are the sites of intermolecular disulfide linkage that form the

mucin polymers.
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The airway mucin barriers
In the airways, there are two distinct mucin-rich environments: the PCL and the viscoelastic mucus gel. The
PCL is occupied by a high concentration of cell-tethered mucins; MUC16, MUC4 and MUC20 are localised to
the cilia and MUC1 is located on microvilli, with mucin lengths extending between 190 and 1500 nm [4,42].
The intermolecular repulsion between the polyanionic cell-tethered mucins forms a semipermeable, brush-like
barrier, with a maximum pore size of ∼40 nm, protecting the airway epithelium from virus penetration
[4,48,49]. This mucin-rich environment also plays a critical role in regulating the movement of the mucus by
cilia. In brief, the intermolecular repulsion of the cell-tethered mucins generates an osmotic pressure in the
PCL (∼300 Pa) that is higher than that generated by the overlying mucus gel (∼200 Pa), which keeps
the mucus layer above the cilia. An optimal PCL height for MCC is 5–8 mm, and this is maintained through
regulated airway surface hydration, permitting free movement of the cilia and optimal MCC [4,42,50].

Polymeric mucins in airway diseases
Muco-obstructive airway diseases have common features, including mucin-producing cell hyperplasia, mucin
hypersecretion and an altered mucin macromolecular form, which contribute to the formation of a dysfunc-
tional mucus gel. As a consequence, mucus accumulates in the airways causing obstruction which results in
infection and inflammation. Mucus with aberrant properties that compromises airway clearance (Figure 2) may
be caused by many different mechanisms: for example, defective mucin intracellular assembly and intragranular
packaging, defective post-secretory mucin expansion [34,36,38,42,51,52] as a result of a non-optimal local
environment (hydration, pH and HCO�

3 ) [4,37,53,54], formation of permanent cross-links between mucin
chains [55–57], alterations in the relative amounts of MUC5AC and MUC5B, and/or the different glycosylated
variants of MUC5B [17,20,41,56] and increased mucin concentration [4,58,59]. In the next section, we will
briefly review the evidence linking changes in mucin concentration, type and macromolecular form to the
formation of dysfunctional mucus in airway disease.

Mucin concentration
For effective barrier protection, mucus ideally comprises 98% water and 2% solids (predominantly mucins).
However, in muco-obstructive disease [asthma, cystic fibrosis (CF) or chronic obstructive pulmonary disease
(COPD)], the mucin content of mucus increases (3–9% [60]), which, coupled with a reduction in water
content to ≥90%, results in impaired MCC [61–63]. In these obstructive airway diseases, one mechanism by
which increased mucin concentration impairs MCC is by increasing the osmotic pressure of the mucus layer
which compresses the PCL and collapses the cilia [4]. The static mucus barrier transforms from being protect-
ive to pathological, harbouring bacteria and resulting in infection and inflammation [64–67]. It is clear that
mucin concentration is critical for effective mucus transport, with increased mucin concentration resulting in
increased mucus viscoelasticity and dysfunctional MCC [58,68]. However, in disease, other components
augment mucus viscoelasticity, for example, actin and DNA [69–71]. Thus, there is no simple relationship
between mucin concentration and mucus viscoelasticity that might predict disease severity.

Mucin type — gene products and glycoforms
In CF and COPD, MUC5B is the predominant mucin in the material expectorated from the lungs (sputum). In
COPD sputum, both MUC5AC and MUC5B are increased; there is an increased ratio of MUC5AC to MUC5B,
with MUC5AC levels elevated in smokers with and without COPD [16,72,73]. MUC5B overproduction corre-
lates with an increase in disease severity and decreased lung function [72,73]. In asthma, MUC5AC levels are
significantly increased, whereas MUC5B levels remain stable or decrease, compared with healthy lungs
[16,17,20,24,74,75]. Interestingly, in asthma, MUC5AC has been shown to tether to the epithelium, which has
been implicated in mucociliary dysfunction and mucus plug formation [41].
The increase in MUC5B observed in CF and COPD is mainly due to an increase in the low-charge glyco-

form [16,73]. Moreover, the low-charge glycoform of MUC5B was the prominent mucin in the sputum from
smokers with airways obstruction. In fatal asthma, the low-charge glycoform of MUC5B was enriched in the
viscid mucus plugging the airways [76]. More recently, analysis of MUC5B glycoforms in children with asthma
showed that the low-charge glycoform was most associated with acute asthma [17]. These studies generally
show an increase in this glycosylated variant of MUC5B in disease; however, the functional significance of
different MUC5B glycoforms remains to be elucidated.
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The nature of the difference in mucin charge glycoforms has not been determined. However, the non-
reducing terminal structures on mucin glycans found on MUC5AC and MUC5B contain both sulfate groups
and sialic acid (with and without O-acetylation) residues [77–82]. Furthermore, mucins are substituted with a
diverse array of O-glycans which can vary extensively between individuals and this is in part influenced by the
expression of blood group antigens, Lewis group antigens and secretor status, with MUC5B being a predomin-
ant carrier of these antigens [83–85]. Individuals are classed as secretors or non-secretors of blood group
antigens, with secretors accounting for ∼80% of Caucasians. Secretor status appears to be protective for certain
bacterial and fungal infections [83], but is associated with a susceptibility to respiratory viruses [86], whereas
non-secretors express more sialylation [85] and are more susceptible to bacterial and fungal infections.

Mucin macromolecular form
Alteration in mucin macromolecular form has been suggested to play an important role in the formation of
mucus gels with aberrant protective function [55,56,72]. This may arise due to the formation of inappropriate
cross-links between mucin polymers in mucus and/or failure to uncouple the mucin cross-links (post-
secretion) required for intragranular packaging. In fatal asthma, MUCB (low-charge glycoform) was shown to
have unusual morphology and was highly cross-linked compared with the linear architecture of mucins isolated
from healthy airway sections [30,76]. At the time, it was hypothesised that MUC5B had not undergone proteo-
lytic processing to produce the linear chains observed for airway mucins by electron microscopy [30,34,76].
However, recent evidence suggests that MUC5B does not undergo proteolytic processing as part of its assembly
process [25], and that reactive oxygen species on the lung epithelium generate thiol cross-links between mucin
chains that are probably responsible for abnormal mucin morphology and mucus plug formation [55].
An altered airway surface environment as seen in CF (decreased Cl− and HCO�

3 concentration, lowered
airway surface pH and dehydration [52,87,88]) may cause failure in the uncoupling of mucin polymer interac-
tions that are active in intragranular packaging, thus negatively affecting the transition from the non-covalently,
cross-linked intragranular form to the more expanded linear architecture in mucus [28,72]. By whatever
mechanism, the abnormal macromolecular form of mucin polymers will probably result in mucus with
aberrant biophysical properties that will contribute to dysfunction in MCC. One obvious target to normalise
mucus properties is to disrupt the disulfide linkages responsible for mucin polymer formation and for
cross-linking between mucin chains. Currently, N-acetylcysteine is employed to target these linkages in mucins
and thus act as a mucus-solubilising agent (mucolytic). However, its efficacy is limited [89], and more effective
and potent mucolytics are being developed [57,90].

Summary
The polymeric mucins MUC5AC and MUC5B play a vital role in protection of the lungs. Understanding of
lung mucin structure and function has advanced greatly in the past decade, but there are still many fundamen-
tal gaps in our knowledge. For example, what is the supramolecular organisation of a mucin polymer in
mucus? How are mucin protective properties modulated by other components of mucus? Do the different gly-
cosylated variants of MUC5B have different functional properties? Are particular glycan structures linked with
normal and pathological mucin expression in disease? Most importantly, what are the critical factors control-
ling mucus gel formation. Improved knowledge of these basic aspects of mucin biology will inform strategies to
alleviate mucus obstruction of the airways.

Abbreviations
CF, cystic fibrosis; COPD, chronic obstructive pulmonary disease; MCC, mucociliary clearance; PCL, periciliary
layer; vWF, von Willebrand factor.

Author Contribution
C.R. and D.J.T. reviewed the literature and wrote the article.

Funding
C.R. is supported by a grant from the MRC [MR/R002800/1]. The Wellcome Trust Centre for Cell-Matrix
Research, University of Manchester is supported by core funding from the Wellcome Trust [grant no. 203128/Z/16/Z].

© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1103

Biochemical Society Transactions (2018) 46 1099–1106
https://doi.org/10.1042/BST20170402

https://creativecommons.org/licenses/by/4.0/


Competing Interests
The Authors declare that there are no competing interests associated with the manuscript.

References
1 O’Connell, S., Au-Yeung, H.-K.C., Gregory, C.J. and Matthews, I.P. (2008) Outdoor and indoor respirable air particulate concentrations in differing urban

traffic microenvironments. J. Toxicol. Environ. Health, Part A 71, 1069–1072 https://doi.org/10.1080/15287390802112000
2 Thornton, D.J., Rousseau, K. and McGuckin, M.A. (2008) Structure and function of the polymeric mucins in airways mucus. Annu. Rev. Physiol. 70,

459–486 https://doi.org/10.1146/annurev.physiol.70.113006.100702
3 Hattrup, C.L. and Gendler, S.J. (2008) Structure and function of the cell surface (tethered) mucins. Annu. Rev. Physiol. 70, 431–457 https://doi.org/10.

1146/annurev.physiol.70.113006.100659
4 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 https://doi.org/10.1126/science.1223012
5 Thornton, D.J., Howard, M., Khan, N. and Sheehan, J.K. (1997) Identification of two glycoforms of the MUC5B mucin in human respiratory mucus.

Evidence for a cysteine-rich sequence repeated within the molecule. J. Biol. Chem. 272, 9561–9566 https://doi.org/10.1074/jbc.272.14.9561
6 Wickström, C., Davies, J.R., Eriksen, G.V., Veerman, E.C.I. and Carlstedt, I. (1998) MUC5B is a major gel-forming, oligomeric mucin from human

salivary gland, respiratory tract and endocervix: identification of glycoforms and C-terminal cleavage. Biochem. J. 334, 685–693 https://doi.org/10.
1042/bj3340685

7 Chen, Y., Zhao, Y.H., Di, Y.-P. and Wu, R. (2001) Characterization of human mucin 5B gene expression in airway epithelium and the genomic clone of
the amino-terminal and 50-flanking region. Am. J. Respir. Cell Mol. Biol. 25, 542–553 https://doi.org/10.1165/ajrcmb.25.5.4298

8 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 https://doi.org/10.1053/rmed.2001.1221

9 Lamblin, G., Lhermitte, M., Klein, A., Houdret, N., Scharfman, A., Ramphal, R. et al. (1991) The carbohydrate diversity of human respiratory mucins:
a protection of the underlying mucosa? Am. Rev. Respir. Dis. 144(3 Pt 2), S19–S24 https://doi.org/10.1164/ajrccm/144.3_pt_2.S19

10 Raclawska, D.S., Ttofali, F., Fletcher, A.A., Harper, D.N., Bochner, B.S., Janssen, W.J. et al. (2016) Mucins and their sugars critical mediators of
hyperreactivity and inflammation. Ann. Am. Thorac. Soc. 13(Suppl 1), S98–S99 https://doi.org/10.1513/AnnalsATS.201511-743MG

11 Gerken, T.A. (1993) Biophysical approaches to salivary mucin structure, conformation and dynamics. Crit. Rev. Oral Biol. Med. 4, 261–270 https://doi.
org/10.1177/10454411930040030201

12 Schulz, B.L., Sloane, A.J., Robinson, L.J., Prasad, S.S., Lindner, R.A., Robinson, M. et al. (2007) Glycosylation of sputum mucins is altered in cystic
fibrosis patients. Glycobiology 17, 698–712 https://doi.org/10.1093/glycob/cwm036

13 Schulz, B.L., Sloane, A.J., Robinson, L.J., Sebastian, L.T., Glanville, A.R., Song, Y. et al. (2005) Mucin glycosylation changes in cystic fibrosis lung
disease are not manifest in submucosal gland secretions. Biochem. J. 387, 911–919 https://doi.org/10.1042/BJ20041641

14 Shori, D., Kariyawasam, H., Knight, R. et al. (2001) Sulphation of the salivary mucin MG1 (MUC-5B) is not correlated to the degree of its sialylation and
is unaffected by cystic fibrosis. Pflugers Arch. 443(Suppl 1), S50–S54 https://doi.org/10.1007/s004240100644

15 Xia, B., Royall, J.A., Damera, G., Sachdev, G.P. and Cummings, R.D. (2005) Altered O-glycosylation and sulfation of airway mucins associated with
cystic fibrosis. Glycobiology 15, 747–775 https://doi.org/10.1093/glycob/cwi061

16 Kirkham, S., Sheehan, J.K., Knight, D., Richardson, P.S. and Thornton, D.J. (2002) Heterogeneity of airways mucus: variations in the amounts and
glycoforms of the major oligomeric mucins MUC5AC and MUC5B. Biochem. J. 361, 537–546 https://doi.org/10.1042/bj3610537

17 Welsh, K.G., Rousseau, K., Fisher, G., Bonser, L.R., Bradding, P., Brightling, C.E. et al. (2017) MUC5AC and a glycosylated variant of MUC5B alter
mucin composition in children with acute asthma. Chest 152, 771–779 https://doi.org/10.1016/j.chest.2017.07.001

18 Ambort, D., van der Post, S., Johansson, M.E.V., Mackenzie, J., Thomsson, E., Krengel, U. et al. (2011) Function of the CysD domain of the gel-forming
MUC2 mucin. Biochem. J. 436, 61–70 https://doi.org/10.1042/BJ20102066

19 Desseyn, J.-L. (2009) Mucin CYS domains are ancient and highly conserved modules that evolved in concert. Mol. Phylogenet. Evol. 52, 284–292
https://doi.org/10.1016/j.ympev.2009.03.035

20 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 https://doi.org/10.1164/rccm.201603-0526LE

21 Roy, M.G., Livraghi-Butrico, A., Fletcher, A.A., McElwee, M.M., Evans, S.E., Boerner, R.M. et al. (2014) Muc5b is required for airway defence. Nature
505, 412–416 https://doi.org/10.1038/nature12807

22 Barbier, D., Garcia-Verdugo, I., Pothlichet, J. et al. (2012) Influenza A induces the major secreted airway mucin MUC5AC in a protease–EGFR–
extracellular regulated kinase–Sp1–dependent pathway. Am. J. Respir. Cell Mol. Biol. 47, 149–157 https://doi.org/10.1165/rcmb.2011-0405OC

23 Ehre, C., Worthington, E.N., Liesman, R.M., Grubb, B.R., Barbier, D., O’Neal, W.K. et al. (2012) Overexpressing mouse model demonstrates the
protective role of Muc5ac in the lungs. Proc. Natl Acad. Sci. U.S.A. 109, 16528–16533 https://doi.org/10.1073/pnas.1206552109

24 Evans, C.M., Raclawska, D.S., Ttofali, F., Liptzin, D.R., Fletcher, A.A., Harper, D.N. et al. (2015) The polymeric mucin Muc5ac is required for allergic
airway hyperreactivity. Nat. Commun. 6, 6281 https://doi.org/10.1038/ncomms7281

25 Ridley, C., Kirkham, S., Williamson, S.J., Davis, C.W., Woodman, P. and Thornton, D.J. (2016) Biosynthesis of the polymeric gel-forming mucin MUC5B.
Am. J. Physiol. Lung Cell Mol. Physiol. 310, L993–L1002 https://doi.org/10.1152/ajplung.00046.2016

26 Sheehan, J.K., Kirkham, S., Howard, M., Woodman, P., Kutay, S., Brazeau, C. et al. (2004) Identification of molecular intermediates in the assembly
pathway of the MUC5AC mucin. J. Biol. Chem. 279, 15698–15705 https://doi.org/10.1074/jbc.M313241200

27 Perez-Vilar, J., Randell, S.H. and Boucher, R.C. (2004) C-Mannosylation of MUC5AC and MUC5B Cys subdomains. Glycobiology 14, 325–337
https://doi.org/10.1093/glycob/cwh041

28 Ridley, C., Kouvatsos, N., Raynal, B.D., Howard, M., Collins, R.F., Desseyn, J.-L. et al. (2014) Assembly of the respiratory mucin MUC5B: a new model
for a gel-forming mucin. J. Biol. Chem. 289, 16409–16420 https://doi.org/10.1074/jbc.M114.566679

29 Round, A.N., Berry, M., McMaster, T.J., Corfield, A.P. and Miles, M.J. (2004) Glycopolymer charge density determines conformation in human ocular
mucin gene products: an atomic force microscope study. J. Struct. Biol. 145, 246–253 https://doi.org/10.1016/j.jsb.2003.10.029

© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).1104

Biochemical Society Transactions (2018) 46 1099–1106
https://doi.org/10.1042/BST20170402

https://doi.org/10.1080/15287390802112000
https://doi.org/10.1146/annurev.physiol.70.113006.100702
https://doi.org/10.1146/annurev.physiol.70.113006.100659
https://doi.org/10.1146/annurev.physiol.70.113006.100659
https://doi.org/10.1126/science.1223012
https://doi.org/10.1074/jbc.272.14.9561
https://doi.org/10.1042/bj3340685
https://doi.org/10.1042/bj3340685
https://doi.org/10.1165/ajrcmb.25.5.4298
https://doi.org/10.1053/rmed.2001.1221
https://doi.org/10.1164/ajrccm/144.3_pt_2.S19
https://doi.org/10.1513/AnnalsATS.201511-743MG
https://doi.org/10.1513/AnnalsATS.201511-743MG
https://doi.org/10.1177/10454411930040030201
https://doi.org/10.1177/10454411930040030201
https://doi.org/10.1093/glycob/cwm036
https://doi.org/10.1042/BJ20041641
https://doi.org/10.1007/s004240100644
https://doi.org/10.1093/glycob/cwi061
https://doi.org/10.1042/bj3610537
https://doi.org/10.1016/j.chest.2017.07.001
https://doi.org/10.1042/BJ20102066
https://doi.org/10.1016/j.ympev.2009.03.035
https://doi.org/10.1164/rccm.201603-0526LE
https://doi.org/10.1164/rccm.201603-0526LE
https://doi.org/10.1038/nature12807
https://doi.org/10.1165/rcmb.2011-0405OC
https://doi.org/10.1165/rcmb.2011-0405OC
https://doi.org/10.1073/pnas.1206552109
https://doi.org/10.1038/ncomms7281
https://doi.org/10.1152/ajplung.00046.2016
https://doi.org/10.1074/jbc.M313241200
https://doi.org/10.1093/glycob/cwh041
https://doi.org/10.1074/jbc.M114.566679
https://doi.org/10.1016/j.jsb.2003.10.029
https://creativecommons.org/licenses/by/4.0/


30 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 https://doi.org/10.1042/bj2650179

31 Verdugo, P. (1991) Mucin exocytosis. Am. Rev. Respir. Dis. 144(3_pt_2), S33–S37 https://doi.org/10.1164/ajrccm/144.3_pt_2.S33
32 Verdugo, P., Deyrup-Olsen, I., Aitken, M., Villalon, M. and Johnson, D. (1987) Molecular mechanism of mucin secretion: I. The role of intragranular

charge shielding. J. Dent. Res. 66, 506–508 https://doi.org/10.1177/00220345870660022001
33 Raynal, B.D.E., Hardingham, T.E., Sheehan, J.K. and Thornton, D.J. (2003) Calcium-dependent protein interactions in MUC5B provide reversible

cross-links in salivary mucus. J. Biol. Chem. 278, 28703–28710 https://doi.org/10.1074/jbc.M304632200
34 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. J. Physiol. Lung Cell Mol. Physiol. 298, L15–L22 https://doi.org/10.1152/ajplung.00194.2009
35 Kuver, R. and Lee, S.P. (2004) Calcium binding to biliary mucins is dependent on sodium ion concentration: relevance to cystic fibrosis. Biochem.

Biophys. Res. Commun. 314, 330–334 https://doi.org/10.1016/j.bbrc.2003.12.088
36 Abdullah, L.H., Evans, J.R., Wang, T.T., Ford, A.A., Makhov, A.M., Nguyen, K. et al. (2017) Defective postsecretory maturation of MUC5B mucin in

cystic fibrosis airways. JCI Insight 2, e89752 https://doi.org/10.1172/jci.insight.89752
37 Chen, E.Y.T., Yang, N., Quinton, P.M. and Chin, W.-C. (2010) A new role for bicarbonate in mucus formation. Am. J. Physiol. Lung Cell Mol. Physiol.

299, L542–L549 https://doi.org/10.1152/ajplung.00180.2010
38 Gustafsson, J.K., Ermund, A., Ambort, D. et al. (2012) Bicarbonate and functional CFTR channel are required for proper mucin secretion and link cystic

fibrosis with its mucus phenotype. J. Exp. Med. 209, 1263–1272 https://doi.org/10.1084/jem.20120562
39 Muchekehu, R.W. and Quinton, P.M. (2010) A new role for bicarbonate secretion in cervico-uterine mucus release. J. Physiol. 588(Pt 13), 2329–2342

https://doi.org/10.1113/jphysiol.2010.187237
40 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. Physiol. 591, 4581–4593 https://doi.org/10.1113/jphysiol.2013.257436

41 Bonser, L.R., Zlock, L., Finkbeiner, W. and Erle, D.J. (2016) Epithelial tethering of MUC5AC-rich mucus impairs mucociliary transport in asthma. J. Clin.
Invest. 126, 2367–2371 https://doi.org/10.1172/JCI84910

42 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 https://doi.org/10.1038/mi.2012.81

43 Ermund, A., Meiss, L.N., Rodriguez-Pineiro, A.M. et al. (2017) The normal trachea is cleaned by MUC5B mucin bundles from the submucosal glands
coated with the MUC5AC mucin. Biochem. Biophys. Res. Commun. 492, 331–337 https://doi.org/10.1016/j.bbrc.2017.08.113

44 Hoegger, M.J., Fischer, A.J., McMenimen, J.D., Ostedgaard, L.S., Tucker, A.J., Awadalla, M.A. et al. (2014) Impaired mucus detachment disrupts
mucociliary transport in a piglet model of cystic fibrosis. Science 345, 818–822 https://doi.org/10.1126/science.1255825

45 Ostedgaard, L.S., Moninger, T.O., McMenimen, J.D., Sawin, N.M., Parker, C.P., Thornell, I.M. et al. (2017) Gel-forming mucins form distinct
morphologic structures in airways. Proc. Natl Acad. Sci. U.S.A. 114, 6842–6847 https://doi.org/10.1073/pnas.1703228114

46 Sears, P.R., Davis, C.W., Chua, M. and Sheehan, J.K. (2011) Mucociliary interactions and mucus dynamics in ciliated human bronchial epithelial cell
cultures. Am. J. Physiol. Lung Cell Mol. Physiol. 301, L181–L186 https://doi.org/10.1152/ajplung.00321.2010

47 Radicioni, G., Cao, R., Carpenter, J., Ford, A.A., Wang, T., Li, L. et al. (2016) The innate immune properties of airway mucosal surfaces are regulated
by dynamic interactions between mucins and interacting proteins: the mucin interactome. Mucosal Immunol. 9, 1442–1454 https://doi.org/10.1038/mi.
2016.27

48 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 https://doi.org/10.1038/mi.2017.16

49 Stonebraker, J.R., Wagner, D., Lefensty, R.W., Burns, K., Gendler, S.J., Bergelson, J.M. et al. (2004) Glycocalyx restricts adenoviral vector access to
apical receptors expressed on respiratory epithelium in vitro and in vivo: role for tethered mucins as barriers to lumenal infection. J. Virol. 78,
13755–13768 https://doi.org/10.1128/JVI.78.24.13755-13768.2004

50 Birket, S.E., Chu, K.K., Liu, L., Houser, G.H., Diephuis, B.J., Wilsterman, E.J. et al. (2014) A functional anatomic defect of the cystic fibrosis airway.
Am. J. Respir. Crit. Care Med. 190, 421–432 https://doi.org/10.1164/rccm.201404-0670OC

51 Shah, V.S., Meyerholz, D.K., Tang, X.X., Reznikov, L., Abou Alaiwa, M., Ernst, S.E. et al. (2016) Airway acidification initiates host defense abnormalities
in cystic fibrosis mice. Science 351, 503–507 https://doi.org/10.1126/science.aad5589

52 Tang, X.X., Ostedgaard, L.S., Hoegger, M.J., Moninger, T.O., Karp, P.H., McMenimen, J.D. et al. (2016) Acidic pH increases airway surface liquid
viscosity in cystic fibrosis. J. Clin. Invest. 126, 879–891 https://doi.org/10.1172/JCI83922

53 Boucher, R.C. (2007) Evidence for airway surface dehydration as the initiating event in CF airway disease. J. Intern. Med. 261, 5–16 https://doi.org/10.
1111/j.1365-2796.2006.01744.x

54 Quinton, P.M. (2010) Birth of mucus. Am. J. Physiol. Lung Cell Mol. Physiol. 298, L13–L14 https://doi.org/10.1152/ajplung.00358.2009
55 Dunican, E.M., Elicker, B.M., Gierada, D.S., Nagle, S.K., Schiebler, M.L., Newell, J.D. et al. (2018) Mucus plugs in patients with asthma linked to

eosinophilia and airflow obstruction. J. Clin. Invest. 128, 997–1009 https://doi.org/10.1172/JCI95693
56 Sheehan, J.K., Richardson, P.S., Fung, D.C., Howard, M. and Thornton, D.J. (1995) Analysis of respiratory mucus glycoproteins in asthma: a detailed

study from a patient who died in status asthmaticus. Am. J. Respir. Cell Mol. Biol. 13, 748–756 https://doi.org/10.1165/ajrcmb.13.6.7576713
57 Yuan, S., Hollinger, M., Lachowicz-Scroggins, M.E., Kerr, S.C., Dunican, E.M., Daniel, B.M. et al. (2015) Oxidation increases mucin polymer cross-links

to stiffen airway mucus gels. Sci. Transl. Med. 7, 276ra27 https://doi.org/10.1126/scitranslmed.3010525
58 Anderson, W.H., Coakley, R.D., Button, B., Henderson, A.G., Zeman, K.L., Alexis, N.E. et al. (2015) The relationship of mucus concentration (hydration) to

mucus osmotic pressure and transport in chronic bronchitis. Am. J. Respir. Crit. Care Med. 192, 182–190 https://doi.org/10.1164/rccm.201412-2230OC
59 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. Invest. 124, 3047–3060 https://doi.org/10.1172/JCI73469
60 Button, B., Anderson, W.H. and Boucher, R.C. (2016) Mucus hyperconcentration as a unifying aspect of the chronic bronchitic phenotype. Ann. Am.

Thorac. Soc. 3(Suppl 2), S156–S162 https://doi.org/10.1513/AnnalsATS.201507-455KV
61 Boucher, R.C. (2007) Airway surface dehydration in cystic fibrosis: pathogenesis and therapy. Annu. Rev. Med. 58, 157–170 https://doi.org/10.1146/

annurev.med.58.071905.105316

© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 1105

Biochemical Society Transactions (2018) 46 1099–1106
https://doi.org/10.1042/BST20170402

https://doi.org/10.1042/bj2650179
https://doi.org/10.1164/ajrccm/144.3_pt_2.S33
https://doi.org/10.1177/00220345870660022001
https://doi.org/10.1074/jbc.M304632200
https://doi.org/10.1152/ajplung.00194.2009
https://doi.org/10.1016/j.bbrc.2003.12.088
https://doi.org/10.1172/jci.insight.89752
https://doi.org/10.1152/ajplung.00180.2010
https://doi.org/10.1084/jem.20120562
https://doi.org/10.1113/jphysiol.2010.187237
https://doi.org/10.1113/jphysiol.2013.257436
https://doi.org/10.1172/JCI84910
https://doi.org/10.1038/mi.2012.81
https://doi.org/10.1016/j.bbrc.2017.08.113
https://doi.org/10.1126/science.1255825
https://doi.org/10.1073/pnas.1703228114
https://doi.org/10.1152/ajplung.00321.2010
https://doi.org/10.1038/mi.2016.27
https://doi.org/10.1038/mi.2016.27
https://doi.org/10.1038/mi.2017.16
https://doi.org/10.1128/JVI.78.24.13755-13768.2004
https://doi.org/10.1128/JVI.78.24.13755-13768.2004
https://doi.org/10.1164/rccm.201404-0670OC
https://doi.org/10.1164/rccm.201404-0670OC
https://doi.org/10.1126/science.aad5589
https://doi.org/10.1172/JCI83922
https://doi.org/10.1111/j.1365-2796.2006.01744.x
https://doi.org/10.1111/j.1365-2796.2006.01744.x
https://doi.org/10.1111/j.1365-2796.2006.01744.x
https://doi.org/10.1152/ajplung.00358.2009
https://doi.org/10.1172/JCI95693
https://doi.org/10.1165/ajrcmb.13.6.7576713
https://doi.org/10.1126/scitranslmed.3010525
https://doi.org/10.1164/rccm.201412-2230OC
https://doi.org/10.1164/rccm.201412-2230OC
https://doi.org/10.1172/JCI73469
https://doi.org/10.1513/AnnalsATS.201507-455KV
https://doi.org/10.1513/AnnalsATS.201507-455KV
https://doi.org/10.1146/annurev.med.58.071905.105316
https://doi.org/10.1146/annurev.med.58.071905.105316
https://creativecommons.org/licenses/by/4.0/


62 Fahy, J.V. and Dickey, B.F. (2010) Airway mucus function and dysfunction. N. Engl. J. Med. 363, 2233–2247 https://doi.org/10.1056/NEJMra0910061
63 Kesimer, M., Kirkham, S., Pickles, R.J., Henderson, A.G., Alexis, N.E., Demaria, G. et al. (2009) Tracheobronchial air-liquid interface cell culture: a

model for innate mucosal defense of the upper airways? Am. J. Physiol. Lung Cell Mol. Physiol. 296, L92–L100 https://doi.org/10.1152/ajplung.90388.
2008

64 Baltimore, R.S., Christie, C.D.C. and Smith, G.J.W. (1989) Immunohistopathologic localization of Pseudomonas aeruginosa in lungs from patients with
cystic fibrosis. Implications for the pathogenesis of progressive lung deterioration. Am. Rev. Respir. Dis. 140, 1650–1661 https://doi.org/10.1164/
ajrccm/140.6.1650

65 Staudinger, B.J., Muller, J.F., Halldórsson, S., Boles, B., Angermeyer, A., Nguyen, D. et al. (2014) Conditions associated with the cystic fibrosis defect
promote chronic Pseudomonas aeruginosa infection. Am. J. Respir. Crit. Care Med. 189, 812–824 https://doi.org/10.1164/rccm.201312-2142OC

66 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. Clin. Invest. 109, 317–325 https://doi.org/10.1172/JCI0213870

67 Zemanick, E.T. and Hoffman, L.R. (2016) Cystic fibrosis: microbiology and host response. Pediatr. Clin. North Am. 63, 617–636 https://doi.org/10.
1016/j.pcl.2016.04.003

68 Demouveaux, B., Gouyer, V., Gottrand, F., Narita, T. and Desseyn, J.-L. (2018) Gel-forming mucin interactome drives mucus viscoelasticity. Adv. Colloid.
Interface Sci. 252, 69–82 https://doi.org/10.1016/j.cis.2017.12.005

69 Lethem, M.I., James, S.L. and Marriott, C. (1990) The role of mucous glycoproteins in the rheologic properties of cystic fibrosis sputum. Am. Rev.
Respir. Dis. 142, 1053–1058 https://doi.org/10.1164/ajrccm/142.5.1053

70 Lethem, M.I., James, S.L., Marriott, C. and Burke, J.F. (1990) The origin of DNA associated with mucus glycoproteins in cystic fibrosis sputum. Eur.
Respir. J. 3, 19–23 PMID:2107097

71 Sheils, C.A., Kas, J., Travassos, W., Allen, P.G., Janmey, P.A., Wohl, M.E. et al. (1996) Actin filaments mediate DNA fiber formation in chronic
inflammatory airway disease. Am. J. Pathol. 148, 919–927 PMID:8774146

72 Kesimer, M., Ford, A.A., Ceppe, A., Radicioni, G., Cao, R., Davis, C.W. et al. (2017) Airway mucin concentration as a marker of chronic bronchitis.
N. Engl. J. Med. 377, 911–922 https://doi.org/10.1056/NEJMoa1701632

73 Kirkham, S., Kolsum, U., Rousseau, K., Singh, D., Vestbo, J. and Thornton, D.J. (2008) MUC5B is the major mucin in the gel phase of sputum in
chronic obstructive pulmonary disease. Am. J. Respir. Crit. Care Med. 178, 1033–1039 https://doi.org/10.1164/rccm.200803-391OC

74 Ordoñez, C.L., Khashayar, R., Wong, H.H. et al. (2001) Mild and moderate asthma is associated with airway goblet cell hyperplasia and abnormalities in
mucin gene expression. Am. J. Respir. Crit. Care Med. 163, 517–523 https://doi.org/10.1164/ajrccm.163.2.2004039

75 Woodruff, P.G., Modrek, B., Choy, D.F., Jia, G., Abbas, A.R., Ellwanger, A. et al. (2009) T-helper type 2-driven inflammation defines major
subphenotypes of asthma. Am. J. Respir. Crit. Care Med. 180, 388–395 https://doi.org/10.1164/rccm.200903-0392OC

76 Sheehan, J.K., Howard, M., Richardson, P.S., Longwill, T. and Thornton, D.J. (1999) Physical characterization of a low-charge glycoform of the MUC5B
mucin comprising the gel-phase of an asthmatic respiratory mucous plug. Biochem. J. 338(Pt 2), 507–513 https://doi.org/10.1042/bj3380507

77 Karlsson, N.G., Karlsson, H. and Hansson, G.C. (1995) Strategy for the investigation of O-linked oligosaccharides from mucins based on the separation
into neutral, sialic acid- and sulfate-containing species. Glycoconj. J. 12, 69–76 https://doi.org/10.1007/BF00731871

78 Karlsson, N.G., Karlsson, H. and Hansson, G.C. (1996) Sulphated mucin oligosaccharides from porcine small intestine analysed by four-sector tandem
mass spectrometry. J. Mass Spectrom. 31, 560–572 https://doi.org/10.1002/(SICI)1096-9888(199605)31:5<560::AID-JMS331>3.0.CO;2-0

79 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(Pt 1),
199–206 https://doi.org/10.1042/bj2750199

80 Tabak, L.A. and Levine, M.J. (1981) Characterization of sulphated monosaccharides from stumptail monkey (Macaca arctoides) salivary mucin. Arch.
Oral. Biol. 26, 315–317 https://doi.org/10.1016/0003-9969(81)90053-4

81 Thornton, D.J., Khan, N., Mehrotra, R., Howard, M., Veerman, E., Packer, N.H. et al. (1999) Salivary mucin MG1 is comprised almost entirely of
different glycosylated forms of the MUC5B gene product. Glycobiology 9, 293–302 https://doi.org/10.1093/glycob/9.3.293

82 Wasik, B.R., Barnard, K.N., Ossiboff, R.J., Khedri, Z., Feng, K.H., Yu, H. et al. (2017) Distribution of O-acetylated sialic acids among target host tissues
for influenza virus. mSphere 2, e00379-16 https://doi.org/10.1128/mSphere.00379-16

83 D’Adamo, P.J. and Kelly, G.S. (2001) Metabolic and immunologic consequences of ABH secretor and Lewis subtype status. Altern. Med. Rev. 6,
390–405 PMID:11578255

84 Prakobphol, A., Leffler, H. and Fisher, S.J. (1993) The high-molecular-weight human mucin is the primary salivary carrier of ABH, Lea, and Leb blood
group antigens. Crit. Rev. Oral Biol. Med. 4, 325–333 https://doi.org/10.1177/10454411930040031001

85 Thomsson, K.A., Schulz, B.L., Packer, N.H. and Karlsson, N.G. (2005) MUC5B glycosylation in human saliva reflects blood group and secretor status.
Glycobiology 15, 791–804 https://doi.org/10.1093/glycob/cwi059

86 Raza, M.W., Blackwell, C.C., Molyneaux, P., James, V.S., Ogilvie, M.M., Inglis, J.M. et al. (1991) Association between secretor status and respiratory
viral illness. BMJ 303, 815–818 https://doi.org/10.1136/bmj.303.6806.815

87 Boucher, R.C. (2007) Cystic fibrosis: a disease of vulnerability to airway surface dehydration. Trends Mol. Med. 13, 231–240 https://doi.org/10.1016/j.
molmed.2007.05.001

88 Matsui, H., Grubb, B.R., Tarran, R., Randell, S.H., Gatzy, J.T., Davis, C.W. et al. (1998) Evidence for periciliary liquid layer depletion, not abnormal ion
composition, in the pathogenesis of cystic fibrosis airways disease. Cell 95, 1005–1015 https://doi.org/10.1016/S0092-8674(00)81724-9

89 Decramer, M., Rutten-van Mölken, M., Dekhuijzen, P.N.R., Troosters, T., van Herwaarden, C., Pellegrino, R. et al. (2005) Effects of N-acetylcysteine on
outcomes in chronic obstructive pulmonary disease (bronchitis randomized on NAC cost-utility study, BRONCUS): a randomised placebo-controlled trial.
Lancet 365, 1552–1560 https://doi.org/10.1016/S0140-6736(05)66456-2

90 Ehre, C., Rushton, R.L., Wang, B., Hothem, L.N., Morrison, C.B., Fontana, N.C. et al. (2018) An improved inhaled mucolytic to treat airway
muco-obstructive diseases. Am. J. Respir. Crit. Care Med. In press

© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).1106

Biochemical Society Transactions (2018) 46 1099–1106
https://doi.org/10.1042/BST20170402

https://doi.org/10.1056/NEJMra0910061
https://doi.org/10.1152/ajplung.90388.2008
https://doi.org/10.1152/ajplung.90388.2008
https://doi.org/10.1164/ajrccm/140.6.1650
https://doi.org/10.1164/ajrccm/140.6.1650
https://doi.org/10.1164/rccm.201312-2142OC
https://doi.org/10.1164/rccm.201312-2142OC
https://doi.org/10.1172/JCI0213870
https://doi.org/10.1016/j.pcl.2016.04.003
https://doi.org/10.1016/j.pcl.2016.04.003
https://doi.org/10.1016/j.cis.2017.12.005
https://doi.org/10.1164/ajrccm/142.5.1053
http://www.ncbi.nlm.nih.gov/pubmed/2107097
http://www.ncbi.nlm.nih.gov/pubmed/8774146
https://doi.org/10.1056/NEJMoa1701632
https://doi.org/10.1164/rccm.200803-391OC
https://doi.org/10.1164/rccm.200803-391OC
https://doi.org/10.1164/ajrccm.163.2.2004039
https://doi.org/10.1164/rccm.200903-0392OC
https://doi.org/10.1164/rccm.200903-0392OC
https://doi.org/10.1042/bj3380507
https://doi.org/10.1007/BF00731871
https://doi.org/10.1002/(SICI)1096-9888(199605)31:5%3C560::AID-JMS331%3E3.0.CO;2-0
https://doi.org/10.1002/(SICI)1096-9888(199605)31:5%3C560::AID-JMS331%3E3.0.CO;2-0
https://doi.org/10.1002/(SICI)1096-9888(199605)31:5%3C560::AID-JMS331%3E3.0.CO;2-0
https://doi.org/10.1002/(SICI)1096-9888(199605)31:5%3C560::AID-JMS331%3E3.0.CO;2-0
https://doi.org/10.1042/bj2750199
https://doi.org/10.1016/0003-9969(81)90053-4
https://doi.org/10.1016/0003-9969(81)90053-4
https://doi.org/10.1016/0003-9969(81)90053-4
https://doi.org/10.1093/glycob/9.3.293
https://doi.org/10.1128/mSphere.00379-16
https://doi.org/10.1128/mSphere.00379-16
http://www.ncbi.nlm.nih.gov/pubmed/11578255
https://doi.org/10.1177/10454411930040031001
https://doi.org/10.1093/glycob/cwi059
https://doi.org/10.1136/bmj.303.6806.815
https://doi.org/10.1016/j.molmed.2007.05.001
https://doi.org/10.1016/j.molmed.2007.05.001
https://doi.org/10.1016/S0092-8674(00)81724-9
https://doi.org/10.1016/S0092-8674(00)81724-9
https://doi.org/10.1016/S0092-8674(00)81724-9
https://doi.org/10.1016/S0140-6736(05)66456-2
https://doi.org/10.1016/S0140-6736(05)66456-2
https://doi.org/10.1016/S0140-6736(05)66456-2
https://creativecommons.org/licenses/by/4.0/

	Mucins: the frontline defence of the lung
	Abstract
	Introduction
	Mucins
	Polymeric airway mucins
	From polymeric mucins to mucus
	Polymeric mucin assembly
	Intragranular storage
	Post-secretory expansion
	Mucins in mucus

	The airway mucin barriers
	Polymeric mucins in airway diseases
	Mucin concentration
	Mucin type — gene products and glycoforms
	Mucin macromolecular form

	Summary
	Abbreviations
	Author Contribution
	Funding
	Competing Interests
	References


