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Introduction
Stagnant mucus is a problem in several airway diseases including chronic obstructive pulmonary disease 
(COPD) (1), cystic fibrosis (CF) (2), and asthma (3). COPD is a global health issue estimated to be the 
third-leading cause of  death worldwide by 2020, and it is an increasing economic and personal burden. 
COPD is characterized by restricted airflow and progressive loss of  lung function, and it encompasses 2 
major phenotypes, chronic bronchitis and emphysema, both caused by an excessive inflammatory response 
to environmental noxious insults. Chronic bronchitis involves an increase in goblet cell number, enlarged 
submucosal glands, mucus hypersecretion and plugging of  the airways, and chronic cough (4). Even COPD 
patients without chronic bronchitis have mucus obstruction of  the small airways (5).

The mucociliary system keeps the bacterial numbers in the respiratory tract low and removes any 
inhaled particulate matter. Healthy mucus traps microorganisms and particles that are transported to the 
larynx, resulting in efficient cleaning. In numerous lung diseases, including COPD and CF, mucus stagnates 
and accumulates in the airways, leading to bacterial colonization, airway inflammation, tissue destruction, 
and ultimately respiratory failure. The mechanisms of  mucociliary dysfunction include the aberrant over-
production of  mucus, leading to accumulation on the airway surfaces. Mucus is formed by many different 
components, but mucins are the major macromolecular constituents. In human and pig airways, there are 
2 major gel-forming mucins, the MUC5B, largely produced by glands, and the MUC5AC, secreted from 
the surface goblet cells. The glands form MUC5B mucin bundles that, under normal conditions, sweep 
the tracheobronchial surface to remove debris and bacteria (6, 7). In rodents, with few submucosal glands, 
both Muc5b and Muc5ac mucins are made by the surface goblet cells. Also in rodents, the Muc5b mucin is 
essential for keeping the mouse lungs clean under normal conditions (8).

The respiratory tract is normally kept essentially free of bacteria by cilia-mediated mucus transport, 
but in chronic obstructive pulmonary disease (COPD) and cystic fibrosis (CF), bacteria and mucus 
accumulates instead. To address the mechanisms behind the mucus accumulation, the proteome 
of bronchoalveolar lavages from COPD patients and mucus collected in an elastase-induced mouse 
model of COPD was analyzed, revealing similarities with each other and with the protein content 
in colonic mucus. Moreover, stratified laminated sheets of mucus were observed in airways 
from patients with CF and COPD and in elastase-exposed mice. On the other hand, the mucus 
accumulation in the elastase model was reduced in Muc5b-KO mice. While mucus plugs were 
removed from airways by washing with hypertonic saline in the elastase model, mucus remained 
adherent to epithelial cells. Bacteria were trapped on this mucus, whereas, in non–elastase-treated 
mice, bacteria were found on the epithelial cells. We propose that the adherence of mucus to 
epithelial cells observed in CF, COPD, and the elastase-induced mouse model of COPD separates 
bacteria from the surface cells and, thus, protects the respiratory epithelium.
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There are several rodent models of  chronic airway disease, such as induced by ovalbumin (9), IL-13 
(10), LPS instillation, or cigarette smoke (11). Airway instillation of  various forms of  elastase, for example 
neutrophil elastase or porcine pancreatic elastase (PPE), has been widely used in mice, rats, guinea pigs, 
dogs, and ferrets as models of  COPD and emphysema (12, 13). This model can be also extended to CF, 
since neutrophils accumulate in CF lungs (14). Based on the importance of  elastase in chronic lung diseas-
es and the fast onset of  goblet cell hyperplasia (increased numbers of  filled goblet cells), we have used the 
elastase model, where elastase was instilled i.n. twice with a 7-day interval. We have analyzed this model 
for goblet cell hyperplasia, mucus accumulation, and inflammation. The rodent model mucus proteome 
was identified and compared with that of  human COPD and with colonic mucus. The importance of  the 
Muc5ac and Muc5b mucins was addressed by using KO mice. We tested a common treatment for mucus 
accumulation in the airways, hypertonic saline, and its ability to detach the accumulated mucus from the 
epithelium. Collectively, our results show a striking similarity between the mucus accumulated in the respi-
ratory tract of  mice and COPD patients and the mucus found in the mouse and human colon.

Results
Proteome of  human COPD bronchoalveolar lavage fluid. To understand the human disease COPD, we stud-
ied human bronchoalveolar lavage fluid (BALF) from never-smokers, asymptomatic smokers, and COPD 
patients by mass spectrometry–based (MS-based) proteomics (Supplemental Table 1; supplemental mate-
rial available online with this article; https://doi.org/10.1172/jci.insight.120994DS1). Proteomic analyses 
revealed fewer proteins in the never-smoker group as compared with asymptomatic smokers and COPD 
patients (Figure 1A and Supplemental Table 2). Principal component analysis (PCA) showed a tight cluster 
for the never-smokers and a slightly larger cluster for the asymptomatic smokers (Figure 1B). Interesting-
ly, the COPD patients were distributed over the entire plot, implying a large variation among individu-
als. Absolute quantification of  a subset of  mucus-related proteins revealed increased amounts of  AGR2, 
DMBT1, FCGBP, PSCA, TFF3, TGM2, and ZG16B in COPD patients and a tendency toward increased 
levels of  these proteins in asymptomatic smokers (Figure 1C, Supplemental Figure 1, Supplemental Figure 
2, and Supplemental Table 3). The mucins MUC5AC and MUC5B were, as expected, increased in COPD 
patients and the ratio of  MUC5AC/MUC5B changed from 0.3 in never-smokers to closer to 1.5 in asymp-
tomatic smokers and 0.5 in COPD patients (Figure 1D).

Elastase exposure causes goblet cell hyperplasia and airway plugging. To obtain a model for COPD, mice were 
i.n. exposed to PPE or saline as control. The mice exposed to saline largely lacked Alcian blue/Periodic 
acid-Schiff–positive (AB/PAS-positive) cells in the airways, whereas a marked increase in AB/PAS-posi-
tive cells within the bronchi and bronchioles was observed in elastase-exposed mice, but not after treatment 
with inactivated elastase (Figure 2, A–D, and Supplemental Figure 3). Whole mouse lungs stained with 
AB/PAS showed that the hyperplasia had a patchy distribution, affecting bronchi and proximal bronchi-
oles with both goblet cell hyperplasia and mucus plugging (Figure 2, C and D, and Supplemental Figure 
4). This was further illustrated by transmission electron microscopy (Supplemental Figure 5A). Histopa-
thology evaluation of  inflated lungs from elastase-exposed mice revealed a mild perivascular and peribron-
chiolar lymphocytic inflammation relative to control mice (Figure 2E and Supplemental Figure 5B). These 
alterations were accompanied by a patchy damage of  the septa between the alveoli, with moderate to 
severe multifocal loss of  tissue structure as observed in emphysema. Mucus obstruction was quantified in 
AB/PAS-stained sections as a percentage of  airway obstruction, showing a clear increase in elastase-ex-
posed mice (Figure 2F), where the relatively smaller airways were more prone to develop severe mucus 
obstruction (Supplemental Figure 4). However, airways smaller than 50 μm were not affected. BALF from 
elastase-exposed mice showed higher immune cell counts, with a 16-fold increase in the total number of  
white blood cells (WBCs), consisting of  increased amounts of  neutrophils, eosinophils, macrophages/
monocytes, and lymphocytes (Figure 2G). The increased number of  inflammatory cells was accompanied 
by increased levels of  cytokines, chemoattractants, chemokines, and EGF (Supplemental Figure 5C). In 
summary, i.n. elastase caused an increase in goblet cell numbers, mucus accumulation, and immune cell 
infiltration, as observed in human COPD.

Proteome of  mouse BALF and mucus plugs. Total BALF samples collected from saline- or elastase-in-
duced mice were analyzed by MS-based proteomics. To remove cells from BALF, samples were cen-
trifuged, and the supernatants (SNs) were analyzed. We observed 349 proteins in controls and 408 in 
elastase-exposed animals (Figure 3 and Supplemental Table 4). Some of  the major proteins, including 
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the club cell secreted protein uteroglobin (Scgb1a1), serotransferrin (Tf), and α-1-antitrypsin (Serpin1ad), 
were common for saline- and elastase-exposed mice, whereas a relative increase in mucus-related proteins, 
including Clca1 and chitinase-like proteins Chi3l3 and Chi3l4, were observed in the elastase-exposed mice 
(Figure 4, A and B). Absolute quantification of  the gel-forming mucins Muc5b and Muc5ac corroborated 
the observed goblet cell hyperplasia, which led to Muc5ac (not detected in controls) reaching concen-
trations similar to those of  Muc5b (Figure 4C and Supplemental Table 5). Muc5b levels were increased 
24-fold compared with basal conditions. To better understand the proteins induced by elastase, we isolated 
mucus plugs from BALF after staining with AB (Figure 4D). The major components of  the airway plugs 
were similar to those of  the BALF but had an even higher relative level of  Clca1 (Figure 3 and Figure 
4E, and Supplemental Table 6). In addition, the plugs also contained high proportions of  the Bpifb1 (also 
known as Lplunc1), Muc5ac, Muc5b, and Fcgbp. Absolute quantification of  Muc5ac and Muc5b in the 
plugs revealed significantly higher levels of  Muc5b relative to Muc5ac, in contrast with the BALF of  
elastase-exposed mice, where more similar levels were found (Figure 4F). In the mouse model, Clca1 was 
one of  the most induced proteins but was absent in human BALF. In summary, the human COPD BALF 
showed large similarities with the elastase-exposed mice.

Proteome of  isolated mouse airway epithelial cells. To further illustrate the elastase effect, we isolated airway 
epithelial cells and analyzed their proteome (Figure 3 and Supplemental Table 7). The epithelial cells were 
effectively removed as shown by mouse lung sections stained with H&E before and after epithelial removal 
(Figure 5A). The released cells were further purified by removing CD45+ cells (leukocytes) and Ly-6G+ cells 
(neutrophils), giving >80% EPCAM+ cells (Supplemental Figure 6). Heatmap clustering of  the proteomic 
results showed that the epithelial cells of  elastase-exposed mice were clearly separated from the controls, with 
the most noteworthy differences around the Muc5b and Muc5ac (Figure 5B). Chi3l4 and Clca1 were among 

Figure 1. Altered proteome in BALF from never-smokers, asymptomatic smokers, and chronic obstructive pulmonary disease (COPD) patients. (A) 
Number of proteins identified in BALF in each sample group, never-smokers (n = 5), smokers (n = 12), and COPD (n = 42); data presented as medians ± 
IQR. (B) Principal component analysis. (C) Absolute quantification with isotopically labeled peptides by mass spectrometry, n = 5–42; data presented as 
medians ±IQR, *P ≤ 0.05,  **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001, Kruskal-Wallis and Dunn’s multiple comparisons test. (D) Ratio of MUC5AC to MUC5B 
calculated from absolute quantification data in C, n = 5–42 patients/group; data presented as medians ± IQR, **P ≤ 0.01, Kruskal-Wallis and Dunn’s mul-
tiple comparisons test. AGR2, anterior gradient protein 2; DMBT1, deleted in malignant brain tumors 1; FCGBP, Fc fragment of IgG binding protein; PSCA, 
prostate stem cell antigen; TFF3, trefoil factor 3; TGM2, transglutaminase-2; ZG16B, zymogen granule protein 16 B.
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the most abundant proteins in elastase-exposed mice (Figure 5, C and D). These and the other mucus-related 
proteins found in elastase-induced BALF and mucus plugs were also increased in epithelial cells, but the 
chitinase-like proteins were relatively more increased in the elastase-induced epithelial cells (Figure 5E). 
Furthermore, the increased levels of  immune response proteins observed in BALF were also found in the 
epithelial cell fraction (Supplemental Tables 4 and 7). Absolute quantification revealed, in agreement with 
the BALF, that Muc5ac was only detected after elastase instillation and that Muc5b levels were increased, 
but — in this case — only 7.6 times (Figure 5F). Muc5b was always more abundant than Muc5ac, with a 
Muc5ac/Muc5b ratio of  0.3 in mucus plugs, 0.7 in BALF SN, and 0.5 in epithelial cells (Figure 5G).

To support the proteomic results and analyze the tissue localization of  key proteins, immunostaining 
was performed (Supplemental Figure 7 and Supplemental Figure 8). After elastase instillation, Muc5b, 
Muc5ac, Clca1, and Fcgbp were all found increased in epithelial cells of  both bronchi and bronchioles, and 
they were accumulated in mucus plugs obstructing the airways. The few Muc5ac-positive epithelial cells 
detected at basal conditions also expressed Muc5b, and after elastase, a higher proportion of  cells coex-
pressed Muc5ac and Muc5b (Supplemental Figure 7E).

Airway mucus in elastase-exposed mice, COPD, and CF appeared stratified, as in colon. Tissue fixation using 
methanol-Carnoy (called Carnoy) has been shown to preserve the water-rich mucus structure of  the intestine 
(15). When the elastase-exposed mouse airways were fixed this way and stained by AB/PAS, the mucus had 
stratified lamellar appearance (Figure 6A). When mucus was stained with antibodies against Muc5b (green) 
and Muc5ac (red), the 2 mucins appeared to form partly separate layers covering the epithelium (Figure 6B), 

Figure 2. Mice exposed to elastase (PPE) show goblet cell hyperplasia/metaplasia and mucus accumulation in the airways. (A) Alcian blue/Periodic acid-
Schiff–stained (AB/PAS-stained) tissue section of mice airways exposed i.n. to saline (vehicle). (B) AB/PAS-stained tissue section of mice airways exposed 
i.n. to elastase (PPE), showing a marked increase in AB/PAS-positive cells. Representative images of 4–5 animals/group. Scale bar: 100 μm (left panels) or 
33 μm (right panels). (C and D) High- and low-magnification images of lungs from mice exposed to saline or elastase (PPE). Scale bar: 100 μm. (E) Paraffin 
sections stained with H&E revealed few immune cells around intrapulmonary airways and intact alveoli from saline-instilled mice. Mild perivascular and 
peribronchiolar lymphocytic infiltration and damaged alveoli were detected in PPE-challenged mice. Scale bar: 100 μm. (F) Airway obstruction presented by 
measuring the percentage of airway luminal area containing AB/PAS-stained material in 1 entire lung section per animal; n = 4–9 animals/group, median 
± IQR, saline vs. PPE (**P = 0.001), inactivated PPE vs. PPE (*P = 0.01), Kruskal-Wallis test with Dunn’s multiple comparisons test. (G) Differential white 
blood cell counts in BALF of vehicle- and PPE-exposed mice; n = 9–17 animals/group, data presented as median ± IQR, neutrophils (***P = 0.0008), eosin-
ophils (****P < 0.0001), macrophages (***P = 0.0005), and lymphocytes (****P < 0.0001), Mann-Whitney U test.
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resembling the inner mucus layer of  the normal mouse distal colon (Figure 6C). Similar stratified mucus was 
also observed in lungs from human COPD (Figure 6D) and CF patients obtained at lung transplantation 
(Figure 6E). Lung tissue from control individuals and COPD and CF patients was stained for MUC5B and 
MUC5AC, showing a mucus layer that stained for both mucins in the COPD and CF sections (Figure 6, 
F–H). A stratified mucus appearance was not observed in control lungs. Thus, the mucus accumulated in the 
elastase model resembled that of  COPD and CF chronic lung diseases, with an appearance similar to that of  
the stratified inner colonic mucus.

Airway mucus in elastase-exposed mice separates bacteria from the epithelial surface. To further illustrate the 
surface mucus and if  it showed evidence for being attached to the tracheobronchial surface, we stained 
Carnoy-fixed tissue sections taken after 2 PBS washings of  20 minutes with antibodies against Muc5ac and 
Muc5b, and we analyzed this by confocal microscopy (Figure 7A). The epithelial cell surface was covered 
by a mucus layer containing a mixture of  the Muc5ac and Muc5b mucins. Both mucins were retained 
and anchored in every goblet cell. As it has been proposed that the stagnated lung mucus is attached by 
entangling into the cilia (16), we also stained tissue sections for cilia using an anti-tubulin antibody (Figure 
7B). The image shows how the cilia extended between the Muc5b-stained mucus, and it does not support 
that the cilia were entangled with the mucus. In control mice, no clear mucus layer stained by Muc5b was 
observed (Supplemental Figure 9A).

To understand the importance of  the accumulated mucus, we first exposed mice to elastase and then 
instilled their lungs with Pseudomonas aeruginosa, fixed the tissue with Carnoy, and analyzed tissue sec-
tions after immunostaining the mucus and Pseudomonas. The bacteria were found on the mucus stained 
by Muc5ac and also inside the mucus, but it was rarely close to the epithelial cells in the bronchi (Figure 
7C). In saline-treated mice, no mucus was observed, and the bacteria were in contact with the epithelial 
cells (Figure 7D). To further illustrate that bacteria were trapped in the attached mucus, Pseudomonas were 
instilled in the lungs, followed by 2 BAL washings with saline or 7% sodium chloride (Supplemental Figure 
9, B and C). The bacteria were still found trapped in the mucus. Together, these results suggest that mucus 
covering the tracheobronchial tree trapped bacteria and separated them from the epithelium, just as has 
been observed for the inner colon mucus layer.

Mucus is anchored to the goblet cells in elastase-exposed mouse airways and cannot be completely washed 
away. To analyze if  the accumulated mucus was attached to the epithelium in elastase-instilled mouse 
airways as it has been shown in the CF mouse ileum (15), we lavaged elastase-exposed lungs twice 
with PBS. The mucus looked less dense after this treatment, as assessed from Carnoy-fixed tissue 
sections stained with AB/PAS (Figure 8A). Using these sections, we analyzed the percentage of  total 
airways that were obstructed by mucus in nonwashed and in PBS-lavaged lungs. There was a tendency 
for less airway obstruction in the elastase-exposed mouse airways after PBS lavage (Figure 8B). We 
also estimated the proportion of  the airway surface that was covered by mucus before or after washing. 
There was essentially no mucus covering the epithelium after saline or inactivated elastase exposure, 
but after elastase-exposure, there was substantially more airway epithelial surface covered by mucus 
(Figure 8C). Interestingly, the PBS lavage did not remove any of  the mucus on the surface of  elas-
tase-exposed airways.

As the accumulated mucus contained both the Muc5b and Muc5ac mucins, we next addressed the 
importance of  these individual mucins using KO animals. The Muc5b–/– mice showed significantly reduced 
mucus obstruction, whereas the Muc5ac–/– only showed a tendency to reduced mucus obstruction (Figure 
8D). The difference between the 2 mucins was even more pronounced when the mucus coverage was ana-
lyzed, as the Muc5b–/– showed considerably less mucus coverage (Figure 8E), arguing for the Muc5b mucin 
being the most important for the mucus accumulation.

We have previously shown that hypertonic saline treatment, approved for use in treatment of  CF pul-
monary disease, can detach the abnormally attached mucus of  the CF mouse ileum. To evaluate if  hyper-
tonic saline could remove the attached mucus in the elastase-exposed lungs, we instilled 7% hypertonic 
saline twice into the lungs, left it for 20 minutes each time, and aspirated the remaining liquid. As a control, 

Figure 3. Most abundant proteins (excluding albumin) detected by mass spectrometry in airway mucus plugs 
obtained from mice exposed to PPE and changes induced in the epithelial cell and BALF proteome in vivo. BALF, 
bronchoalveolar lavage fluid; ID, identification; LOD, limit of detection; SN, supernatant. Color code: red (most abun-
dant) to yellow (least abundant) as found in the plugs.
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we instilled PBS twice for 20 minutes. The hypertonic saline treatment caused a significant decrease in the 
percentage of  airways that were obstructed by mucus (Figure 8F). When the airway surface covered by 
mucus was evaluated, there was almost no reduction (Figure 8G). Thus, the 7% hypertonic saline could 
remove most of  the mucus plugging, but the surface-attached mucus remained.

To characterize the properties of  the accumulated mucus, tracheobronchial explants were stained by AB 
and the mucus movement was analyzed on an upwardly tilted setup (7). The movement of  the AB-stained 
mucus was considerably slower in the elastase-exposed animals (Figure 8H). Together, these results suggest 
that the accumulated mucus in the elastase-exposed mouse airways is attached to the goblet cells and is 
relatively immobile, consistent with the results previously found for the CF mouse small intestine (17).

Discussion
Airway diseases such as COPD and CF involve impaired mucociliary clearance, which leads to mucus 
accumulation, bacterial retention, bacterial colonization, tissue destruction, and eventually respiratory 
failure. The mechanisms behind mucus retention and plugging of  the airways are, despite considerable 
efforts, largely unknown. The use of  human bronchial epithelial (HBE) cultures has provided important 
information on the mucus properties of  obstructive lung diseases such as CF or COPD, but the relevance 

Figure 4. Elastase (PPE) admin-
istration alters BALF proteome. 
(A and B) Major proteins in 
BALF supernatants obtained 
from lungs lavaged with PBS in 
animals exposed to saline (A) 
and elastase (PPE) (B) analyzed 
by mass spectrometry pro-
teomics. (C) Absolute amounts 
of Muc5ac and Muc5b in BALF 
supernatant from saline- and 
PPE-exposed mice analyzed by 
mass spectrometry. The detec-
tion limit for Muc5ac was set 
to 0.01 fmol/μl, n = 6 animals/
group in A–C; data presented as 
median ± IQR, **P = 0.002, ***P 
= 0.0002; Mann-Whitney U test. 
(D) Isolation of mucus plugs from 
BALF in a PPE-exposed mouse 
after lavage with an Alcian blue 
solution. Blue-stained mucus 
plugs (arrowhead) were obtained 
and transferred to a dry tube 
(right). (E) The most abundant 
proteins in mucus plugs detected 
by proteomics. (F) Absolute 
quantification of Muc5ac and 
Muc5b protein amounts in mucus 
plugs by mass spectrometry; data 
presented as median ± IQR, n = 12 
animals in E and F, **P = 0.0011, 
Mann-Whitney U test.
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of  this model for lung diseases is not fully understood (16). With the aim to utilize a convenient animal 
model for goblet cell hyperplasia and mucus retention, we chose i.n. instillation of  elastase in mice. An 
increased number of  neutrophils and their release of  elastase is considered a hallmark in the development 
of  COPD (18). We instilled PPE twice with an interval of  7 days before analyzing the animals after 7 addi-
tional days. We studied the elastase-exposed mice by histological examination, analysis of  immune cells 

Figure 5. Airway epithelial cell proteome changes after elastase (PPE) administration. (A) H&E-stained section of bronchi before (left) and after 
epithelial cell isolation (right). Scale bars: (left) 200 μm, (right) 50 μm. (B) Heatmap of the most changed proteins in the airway epithelial cell proteome 
after PPE exposure. (C and D) The most abundant proteins in airway epithelial cells detected by label-free proteomics after saline (C) and PPE (D) 
instillation. (E) Label-free quantification (LFQ) of the most changed proteins after PPE exposure, n = 7 pools/group with 3 mice/pool, data presented as 
median ± IQR, *P = 0.017, **P = 0.006, ***P = 0.0006, Mann-Whitney U test. The detection limit for Muc5ac was set to 1 × 106. (F) Absolute quantifi-
cation of Muc5ac and Muc5b with isotopically labeled peptides by mass spectrometry; n = 8 pools/group with 3 mice/pool, data presented as median 
± IQR, **P = 0.001, Mann-Whitney U test. Detection limit for Muc5ac was set to 1 fmol. (G) Ratio of Muc5ac to Muc5b in isolated mucus plugs, BALF 
supernatants (BALF SN), and epithelial cells, n = 6–12 samples/group. Data presented as median ± IQR, *P = 0.04, **P = 0.0016, Kruskal-Wallis and 
Dunn’s multiple comparisons test. Chi3l4, chitinase-3-like protein 4; Clca1, chloride channel accessory 1; Retnla, resistin-like α; Chi3l3, chitinase-3-like 
protein 3; Ltf, lactotransferrin; C3, complement C3; Agr2, anterior gradient protein 2 homolog; Cp, ceruloplasmin; Bpifb1, BPI fold-containing family B 
member 1; Chi3l1, chitinase-3-like protein 1; Scin, adseverin; Fcgbp, Fcgbp protein; Pla2g4c, Pla2g4c protein; St3gal4, β-galactoside α-2,3-sialyltransfer-
ase 4; Tff2, trefoil factor 2; Pglyrp1, peptidoglycan recognition protein 1; Reg3g, regenerating islet-derived protein 3-γ; Qsox1, sulfhydryl oxidase 1; Chia, 
acidic mammalian chitinase; Chad, chondroadherin; Fer1l6, Fer-1-like 6; Fn1, fibronectin; Cbr2, carbonyl reductase [NADPH] 2; Aldh1a1, retinal dehydro-
genase 1; Sec14l3, SEC14-like 3; Hist1h2bj, histone H2B; Scgb1a1, uteroglobin.
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and inflammatory mediators, and proteomics of  BALF and epithelial cells. The elastase exposure activated 
pathways, resulting in a dramatic goblet cell hyperplasia and metaplasia. The mouse lungs showed mucus 
accumulation with a patchy profile characteristic for human chronic bronchitis and COPD. Severe mucus 
obstruction was observed, especially in medium-sized airways.

Increased inflammation is characteristic of  the airway diseases chronic bronchitis, COPD, CF, and 
asthma. The inflammatory response in elastase-exposed mice was dominated by eosinophils, but neutro-
phils, macrophages/monocytes, and lymphocytes were also increased. The mouse lungs are different from 
those of  humans, as they have few submucosal glands; therefore, the elastase mouse model cannot be an 
exact model for any particular human disease, but it has traits of  chronic bronchitis, CF, and possibly also 
late and severe asthma. For example, among the chemokines upregulated in elastase-exposed mice, we 
found KC, a murine homologue of  IL-8. Higher concentrations of  IL-8 have been detected in sputum from 
COPD patients than in asthmatics, and IL-8 has been correlated with poor lung function in COPD (19). 

Figure 6. Airway mucus accu-
mulated after elastase admin-
istration in mice has a stratified 
appearance. (A) Lower (left) 
and higher magnification (right) 
images of an AB/PAS-stained 
paraffin section showing bronchial 
walls lined by mucus with lamellar 
appearance in a mouse exposed to 
PPE. Representative of 9 animals. 
Scale bars: left, 200 μm; right, 50 
μm. In this and the other pictures, 
the white line marks the mucus 
layer. (B) A paraffin section from 
a mouse exposed to PPE stained 
with specific antibodies against 
Muc5b (green) and Muc5ac (red), 
in addition to nuclear stain (blue), 
shows that this stratified structure 
consisted Muc5b and Muc5ac. 
Representative of 3 animals. 
Scale bar: 10 μm. (C) The stratified 
appearance of mucus has been 
observed in the distal colon, where 
the mucus is organized to separate 
the epithelium from bacterial 
contact in humans as well as mice. 
Representative image showing 
mouse distal colon in an AB/PAS-
stained paraffin section. Scale 
bar: 50 μm. In airway sections 
from patients with (D) COPD and 
(E) cystic fibrosis stained with 
AB/PAS, stratified mucus can be 
observed covering the epithelium. 
Scale bars: 50 μm. In mice as well 
as humans, mucus does not accu-
mulate in the airways in (F) control 
subjects. Section from patients 
with (G) COPD and (H) cystic fibro-
sis stained with antibodies against 
MUC5B (green) and MUC5AC (red), 
in addition to nuclear stain (blue), 
shows a stratified structure of 
MUC5B and MUC5AC in the mucus. 
The MUC5B cell surface staining in 
F could be due to cross-reactivity. 
Scale bars: 20 μm.
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In asthma, but also in some patients with COPD, the lung mucosa is infiltrated by eosinophils, and Th2 
cells contribute to tissue damage. The Th2 cells produce cytokines, such as IL-4, IL-5, and IL-13 (20) — of  
which, IL-4 and IL-5 were also increased in the elastase-induced model. Thus, the elastase model showed 
immunological characteristics that are relevant for studying mucus accumulation in airway diseases.

We have previously performed extensive MS proteomic studies of  the mouse gastrointestinal mucus 
(21, 22). In normal mouse colon mucus, Clca1, Fcgbp, Agr2, and Zg16 are among the most abundant 
proteins, similar in amount to the main intestinal gel-forming mucin, Muc2. All of  these proteins are made 
by the colonic goblet cells. The proteome of  BALF, mucus plugs, and epithelial cells from the lungs of  
elastase-exposed mice showed increased levels of  all these proteins as compared with controls, except for 
Zg16, which is not present in mouse lungs. Normal mouse lungs rarely express the gel-forming Muc5ac 
mucin, but this was dramatically induced together with Muc5b after elastase exposure, and other proteins 
— like Bpifb1, Chi3l1, Chi3l3, and Chi3l4 — were highly increased after elastase exposure. Bpifb1, also 
called Lplunc1, has been shown to be increased in sputum of  COPD, as well as in CF patients, compared 
with nonsmokers (23, 24).

Proteomic studies on human BALF from COPD patients were performed to evaluate the similar-
ities with the BALF of  elastase-exposed mice. Interestingly, PCA clearly distinguished never-smokers, 
asymptomatic smokers, and COPD patients. The never-smokers and the asymptomatic smokers clustered 

Figure 7. Accumulated airway elas-
tase–exposed mucus is anchored in 
the goblet cells and separate bacteria 
from the epithelial cells. (A) Immu-
nostaining of a paraffin section with 
specific antibodies against Muc5b 
(green) and Muc5ac (red), in addition 
to nuclear stain (blue). Both Muc5b 
and Muc5ac seem to be attached 
inside goblet cells. Representative of 
4 mice. Scale bar: 20 μm. (B) Immu-
nostaining of a paraffin section from 
a PPE-exposed mouse with specific 
antibodies against Muc5b (green) 
and tubulin (red) to visualize cilia, 
in addition to nuclear stain (blue). 
The cilia are not compressed by the 
accumulated mucus. Representa-
tive of 3 mice. Scale bar: 20 μm. (C) 
PPE-exposed mice were instilled with 
P. aeruginosa, and the lungs isolated, 
fixed in Carnoy, and immunostained 
for Muc5ac (red), bacteria (white), 
and nuclei (blue). (D) P. aeruginosa 
were instilled in saline-treated mice 
(control) and stained as in C. Rep-
resentative of 6 PPE-exposed and 3 
saline-exposed mice.
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well together, while the COPD patients were spread, revealing a large heterogeneity. Comparison of  the 
absolute amounts of  selected proteins, known to be associated with mucus, showed that all were increased 
in COPD patients regarding never-smokers, with the values in asymptomatic smokers between them. In 
accordance with the elastase-exposed mice, the 2 mucins (MUC5AC and MUC5B), AGR2, and FCGBP 
were all increased in COPD. The AGR2 has been suggested to be involved in mucin assembly, although 
its function is not yet fully understood (25, 26). The FCGBP protein has von Willebrand D domains sim-
ilar to the ones in the gel-forming mucins, but the function of  FCGBP is still an open question. Another 
known goblet cell product, trefoil factor 3 (TFF3), was found in the normal human intestine and COPD 
airways (27, 28). DMBT1, a scaffolding protein involved in binding bacteria facilitating their removal, was 
also increased in BALF from COPD (29). The prostate stem cell antigen (PSCA) was increased in COPD 
patients compared with asymptomatic smokers and never-smokers. Interestingly, PSCA has been suggest-
ed to act as a negative regulator of  the α7 nicotinic receptors and to inhibit nicotine signaling (30), some-
thing that might be related to nicotine intake, as all COPD patients were smokers. Increased amounts of  

Figure 8. Accumulated airway elastase (PPE) mucus is attached to the 
epithelium and can be removed by hypertonic saline. (A) Representa-
tive image of an airway from a mouse exposed to PPE and lavaged with 
PBS (BAL; 2 × 1 min). Paraffin section stained with AB/PAS. Represen-
tative of 8 animals. Scale bar:200 μm. Note the lighter AB/PAS staining 
and the mucus still covering the epithelial surface. (B) Percentage of 
airway obstruction measured as airway luminal area containing AB/PAS-
stained material in an entire lung section per animal. n = 8–9 animals/
group, 695–729 airway sections/group. BAL was performed by washing 2 
× 1 min with PBS. Results presented as median ± IQR. (C) Graph showing 
the large increase in percentage of airway surface covered by AB/PAS-
stained material in mice exposed to PPE compared with inactivated PPE. 
The inactivated PPE gives no increase in surface area covered by mucus, 
corroborating that the enzymatic activity of PPE-induces the mucus 
accumulation. In addition, two 1-min washes with PBS did not affect 
the percentage of epithelium covered by mucus after PPE exposure; n 
= 4–9 animals/group, median ± IQR, **P = 0.009, Kruskal-Wallis and 
Dunn’s multiple comparisons test. (D) Airway obstruction after BAL (2 × 
1 minute) in PPE-treated Muc5ac–/– and Muc5b–/– as compared with WT, n 
= 8-9, **P = 0.011, Kruskal-Wallis and Dunn’s multiple comparisons test. 
(E) Percentage of airway surface covered by AB/PAS-stained material 
after BAL (2 × 1 minute) in PPE-exposed Muc5ac–/– and Muc5b–/– mice as 
compared with WT; n = 8–9, ****P < 0.0001, Kruskal-Wallis and Dunn’s 
multiple comparisons test. (F) Airway obstruction was reduced after 2 × 
20 min treatment with 7% saline, compared with 2 × 20 min wash with 
PBS measured in AB/PAS-stained paraffin sections; n = 9–12 animals, 
**P = 0.002, Kruskal-Wallis and Dunn’s multiple comparisons test. (G) 
The percent of the epithelium covered by mucus was not affected by 2 × 
20 min 7% saline treatment measured in AB/PAS-stained paraffin sec-
tions; n = 9–13 animals, Kruskal-Wallis and Dunn’s multiple comparisons 
test. (H) Transport of Alcian blue–stained mucus in naive and PPE-ex-
posed mice; n = 6–9, *P = 0.02, Mann-Whitney U test.
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transglutaminase 2 (TGM2), which forms isopeptide bonds between the side chains of  the amino acids 
lysine and glutamine, have previously been observed in COPD (31), indicating that lung mucins also can 
be covalently crosslinked as observed in colon (32).

Comparison of  the lung BALF proteome between humans and mice revealed some discrepancies, 
probably related to the differences between species. The chitinase-like proteins were more abundant in 
mice. Nonetheless, the CHI3L1 found in airway epithelial cells is a marker of  human asthma severity and 
declining lung function (33). The Clca1 protein, a typical colon mucus protein, was dramatically increased 
in the elastase-exposed mice but not in human BALF. Clca1 was first suggested to be related to chloride ion 
channels, but more recent studies have shown that it is a protease that might be involved in mucus turnover 
(34). The ZG16 protein produced by goblet cells is abundant in mouse and human colonic mucus where it 
protects the epithelial cells by aggregating gram-positive bacteria, translocating them away from the epithe-
lial cell surface (35). This protein is absent in the human BALF, but a similar protein named ZG16B was 
dramatically increased in COPD patients. However, this protein was not present in mice.

Increased levels of  the 2 gel-forming mucins, MUC5AC and MUC5B, are probably the most typical 
alteration in the human lung diseases chronic bronchitis, COPD, and CF, as well as in animal models of  
these diseases (36). This was corroborated in both the elastase mouse model and the human COPD samples 
studied here. This common feature is irrespective of  the different organization of  the normal mucus-pro-
ducing cells in mice and humans, where the latter have submucosal glands that make long MUC5B bundles 
(7). In normal mice, the surface goblet cells produce mostly the Muc5b mucin, but there is a dramatic 
increase in the Muc5ac produced upon the induction of  goblet cell hyperplasia. The MUC5B mucin forms 
linear polymers responsible for normal clearing of  the lungs in both species (37), whereas MUC5AC, with 
its more complex polymers, is typical for normal pig and human surface goblet cells and appears in all 3 
species during disease. The ratio between these 2 mucins was similar in BALF from the elastase-exposed 
mice and COPD patients, suggesting that the composition of  the accumulated mucus should be similar 
despite the large differences in normal lung function of  mice and humans. Our results suggest that Muc5b 
contributed the most to mucus obstruction, given its high levels in both mucus plugs and in BALF washings 
of  elastase-treated Muc5ac-KO mice. This relatively larger importance of  Muc5b in mice is also observed 
for normal lung clearance (8). Even if  we do not fully understand the details of  how these 2 mucins contrib-
ute to mucus properties, it may suggest that the accumulated disease-associated mucus has similar features 
in the 2 species.

The protein composition of  the mucus accumulated in the elastase-exposed mice and COPD shows 
large similarities to that of  the inner mucus layer of  colon in both mice and humans. Even more intriguing 
is that the structure of  the accumulated mucus in COPD, CF, and elastase-exposed mice shows a stratified 
arrangement, closely resembling that of  the inner mucus layer of  the normal colon (15). In the colon, the 
inner mucus layer acts as a barrier that physically separates the luminal bacteria from the epithelial surface 
(15). This separation is obtained by the MUC2 mucin–forming net-like sheets that, when layered on each 
other, form a filter and thereby protect the epithelial cells. To analyze if  this was also the case in the elas-
tase-exposed mice, we exposed the lungs to P. aeruginosa. The bacteria were found on the mucus surface, as 
well as inside the mucus. This is not typically observed for normal colon but can be observed in the mucus 
covering the stomach (38). Interestingly, as in the lung, the stomach mucus is made up of  the Muc5ac mucin. 
Without a mucus layer, the bacteria were in direct contact with the epithelial cells. It is then reasonable to 
believe that the tracheobronchial airway mucus layer may act as an innate defense mechanism aimed at 
trapping and keeping the bacteria away from the host epithelial cell surface. Although it can be assumed that 
accumulated and adherent mucus will limit bacterial clearance, this has to be experimentally addressed in 
the presence or absence of  the adherent mucus layer and its effect on the epithelial invasion tested.

Washing the elastase-exposed mouse lungs with PBS partly removed the mucus plugs blocking the 
more peripheral airways. However, a similar proportion of  the epithelial surface was covered by mucus 
before or after washing, suggesting that the mucus was attached to the surface. Studies of  tissue sections, 
also after intense washings, suggested that the mucus and, in particular, the 2 mucins were anchored to 
the goblet cells. Interestingly, this is similar to what has been observed for mucus in the CF small intestine, 
where the Muc2 mucin is not properly unfolded and, thus, not released from its attachment by the meprin 
β protease (17, 39). To test if  the commonly used CF treatment, hypertonic saline, could detach the mucus, 
we treated the elastase-exposed mice 2 times with 7% NaCl. Hypertonic saline significantly decreased 
airway mucus obstruction more efficiently than PBS. However, this treatment was not better than PBS in 
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removing the attached mucus covering the epithelial surface. A recent publication has also suggested that 
the MUC5AC mucin is tethered to the goblet cells in asthma patients (40). Together, these observations 
suggest that the accumulated mucus is attached to the goblet cells and that this is the main mechanism for 
obtaining an airway mucus layer.

The normal lung is kept relatively free of  bacteria by the cilia-mediated mucus escalator. We suggest 
that when this mechanism fails, a second line of  defense is triggered by the formation of  an attached 
mucus layer, similar to the normal protection of  the colon epithelium. The physiological function of  this 
airway mucus layer might, thus, be to separate the epithelial cells from bacterial exposure. This attached 
stratified mucus layer may be a normal physiological mechanism attempting to separate the bacteria from 
the epithelial cells to give the immune system a possibility to raise an immune response. Once the bacteria 
are under control, the mucus should be removed by detachment. However, this type of  mucus would not 
be transported very efficiently by the cilia and probably has to be coughed up, a typical resolution to any 
lung infection. In chronic lung diseases like chronic bronchitis, COPD, CF, and severe asthma, the mucus 
probably remains attached, as demonstrated in our experiments, and although the epithelium might be 
better protected, the bacterial retention would lead to chronic lung infections and lung deterioration. The 
intriguing question is now the molecular details regulating mucus attachment.

Methods
Animals. Female C57BL/6N (Taconic), Muc5b–/–, and Muc5ac–/– (8) mice were used when they were 10 ± 
2 weeks old and weighing 21 ± 3 g. Animals were housed in a specific pathogen-free facility in groups of  3 
or 4 in controlled temperature (21°C ± 2°C), relative humidity (55% ± 15%) and a 12-hour light/dark cycle. 
Standard chow and water were available ad libitum.

Elastase administration and BALF collection. Animals under light isoflurane anesthesia were exposed to 
0.312 units of  PPE (45124, MilliporeSigma), inactivated PPE, or vehicle (50 μl saline) instilled i.n. The 
instillation procedure was performed at days 0 and 7. Six to 8 days after final exposure, animals were 
euthanized with an overdose of  pentobarbital sodium i.p., and the abdominal aorta was severed. To obtain 
BALF samples, tracheas were cannulated with a catheter (Venflon, Becton Dickinson). Lungs were manu-
ally lavaged twice with 0.8 ml of  PBS for 1 minute each, and the 2 lavages were pooled. BALF samples and 
SNs, obtained after centrifugation (500 g, 10 min, 4°C), were stored at –80°C for later analysis. For some 
of  the experiments, the duration of  each lavage was increased to 20 minutes, as described in Results. For 
others, hypertonic saline (7% NaCl) was tested to investigate the ability to detach airway mucus. Chemicals 
used were provided by Merck.

Blood cell count and inflammatory mediator analysis. Total and differential WBC counts were deter-
mined using an automated cell counter (Sysmex XT-2000iV; Sysmex Corporation). Cytokine analysis in 
BALF SNs was performed using MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic Bead Pan-
els (MCYTMAG70PMX25BK and MECY2MAG-73K; MilliporeSigma) and the Proinflammatory Pan-
el 1 (mouse) kit (N05048A-1; Meso Scale Discovery). EGF concentrations were determined by ELISA 
(MEG00; R&D Systems). Assays were performed according to the manufacturer’s instructions.

Mucus plug isolation. For mucus plug isolation, BAL was performed with an AB solution in PBS. First, 
a 5% w/v suspension of  Alcian blue 8GX (MilliporeSigma) was prepared in PBS. After mixing overnight 
(1,000 rpm) in a Thermomixer comfort (Eppendorf) at room temperature, this was centrifuged (14,000 g, 
10 min, room temperature). The SN was further diluted 1:40 in PBS. Mucus plugs, identified as AB-stained 
structures in BALF, were transferred with a 10-μl tip to a dry tube, frozen in liquid N2, and stored at –80°C.

Elastase inactivation. To inactivate the enzymatic activity of  PPE, a stock solution of  50 units/ml was 
incubated with 1 mM PMSF overnight at 4°C. The resulting solution was diluted 1:10 in sterile saline, and 
1 ml was loaded in dialysis membrane tubing (Spectrum Spectra/Por 4 RC 12-14 KDa; Thermo Fisher 
Scientific) and dialyzed against 1 l of  saline at 4°C twice (first dialysis, 8 hours; second dialysis, overnight). 
The inactivated PPE was concentrated using a centrifugal filter (10 kDa pore size; UFC501024; Milli-
poreSigma). The protein concentration of  the inactivated PPE was assessed with a Nanodrop (A280; Ther-
mo Fisher Scientific). The elastase activity of  the inactivated PPE, active PPE (positive control), and saline 
was measured using an EnzChek Protease Assay Kit (Thermo Fisher Scientific). The substrate BODIPY 
casein was added, and fluorescence, as a measure of  cleavage, was read at λex 477 ± 14 nm and λem 525 ± 
30 nm every 5 minutes for 1 hour, where λex represents excitation wavelengh and λex represents emission 
wavelengh. The percentage of  inhibition was calculated for the last reading.
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Histopathological analysis. After obtaining the BALF, the thoracic cavity was opened. Lungs used to 
characterize inflammatory response and goblet cell hyperplasia were perfused through the interventricular 
septum with 10 ml PBS and then inflated to 25 cm H2O static pressure by intratracheal instillation of  Car-
noy (60% anhydrous methanol, 30% chloroform, and 10% glacial acetic acid). The trachea was tied and 
the inflated lungs removed and immersed in fixative. Lungs used to study airway mucus accumulation and 
plugging were directly immersed in Carnoy, without previous inflation. Lungs were embedded in paraffin, 
and sections (3 μm) comprising both the left and the right lung lobes were cut at the level of  the tracheo-
bronchial tree. Sections were stained with H&E to evaluate inflammation and structural alterations, stained 
with AB/PAS to assess goblet cell hyperplasia and mucus accumulation, or used for immunostainings.

Quantification of  mucus accumulation. Images of  mouse lung sections stained with AB/PAS were 
obtained at 100× magnification using a Nikon eclipse E1000 microscope and the NIS-Elements software 
(Nikon). Images of  all airway sections included in an entire lung section were captured. ImageJ (NIH) 
was used for image analysis. The percentage of  the lumen area positively stained with AB/PAS for each 
airway section was measured. For each mouse, we calculated the total percentage of  lumen airway obstruc-
tion (AB/PAS-positive). In addition, we evaluated for each airway section the minimum Feret’s diameter 
(XFmin), a very robust size measure against experimental errors such as the orientation of  the sectioning 
angle (14). The correlation of  XFmin with the percentage of  obstruction was assessed in PPE-exposed 
mice, and the percentage of  airway epithelial surface covered by AB/PAS-positive material was calculated.

Immunostainings. Lung tissue sections were dewaxed and rehydrated, and microwave-assisted antigen 
retrieval was performed in 10 mM citrate buffer, pH 6. Samples were blocked for 20 minutes at room 
temperature with 5% inactivated goat or donkey serum, according to the species in which the secondary 
antibodies were produced. Thereafter, sections were incubated overnight at 4°C with a mouse anti-Mu-
c5ac antibody (clone 45M1; M5293, MilliporeSigma; 1:1,000), a rabbit anti-Muc5b/MUC5B antibody 
(Mehmed Kesimer, University of  North Carolina, Chapell Hill, North Carolina, USA1:2,000), a rabbit 
anti-Clca1 antibody (ab46512, Abcam; 1:1,000), a rabbit anti-Fcgbp antibody (HPA003517, Atlas Anti-
bodies; 1:100), or a mouse monoclonal anti-tubulin antibody (T6793, MilliporeSigma; 1:4,000). In the case 
of  single stains, slides were then incubated for 2 hours at room temperature with goat anti–mouse IgG or 
donkey anti–rabbit IgG secondary antibodies conjugated to Alexa Fluor 488 or 555 (Thermo Fisher Scien-
tific; A11029 and A31572, respectively; 1:1,000). For colocalization studies, slides were washed, blocked, 
incubated with a second primary antibody using the same conditions described above, and then incubated 
for 2 hours at room temperature with the corresponding fluorescently conjugated antibodies (1:1,000). 
Nuclei were counterstained for 10 minutes using 1 μg/ml Hoechst 34580 (H21486, Thermo Fisher Scientif-
ic) and mounted with Prolong Gold Antifade mounting medium (P36930, Thermo Fisher Scientific). The 
specificity of  the primary antibodies used for Muc5ac and Muc5b detection had been previously confirmed 
by others (41, 42). Concerning the antibodies for Clca1 and Fcgbp, we confirmed that none of  them stained 
sections of  colon or PPE-exposed lungs in corresponding KO mice. Nonspecific binding of  the secondary 
antibody was ruled out by omitting the primary antibody. Whole lung sections were scanned using an 
Axio Scan.Z1 scanner with a 20× Plan-Apochromat 0.8 NA dry objective and ZEN 2.1 software (Carl 
Zeiss). High-magnification images were obtained using a LSM700 Axio Examiner Z1 confocal microscope 
with the ZEN 2010 software (Carl Zeiss). Fluorescence intensity per μm2 was measured with ImageJ and 
expressed as the relative change compared with the median intensity in saline-treated controls. Analysis of  
all data was performed in a blinded manner.

P. aeruginosa instillation and localization. P. aeruginosa CCUG 44340 (isolated from sputum of  a 15-year-
old child with CF) were cultured in LB broth overnight at 37°C and at 170 rpm. The bacteria were recov-
ered by centrifugation, resuspended in PBS, and diluted to an optical density at 600 nm (OD600) of  0.98 
corresponding to 2 × 108 CFU/ml. PPE-exposed mice were euthanized 1 week after the final dose. P. 
aeruginosa was administered by instilling 200 μl of  the culture into the cannulated tracheas. Lungs were 
isolated, fixed in Carnoy solution, embedded in paraffin, and then sectioned for immunostaining. Paraf-
fin-embedded sections (5 μm) were dewaxed and hydrated. Muc5ac was stained using mouse anti-Muc5ac 
antibody (clone 45M1; M5293, MilliporeSigma; 1:1,000). Alexa Fluor 488–conjugated goat anti–mouse 
IgG (Thermo Fisher Scientific) was used as a secondary antibody. P. aeruginosa was detected using poly-
clonal rabbit anti–P. aeruginosa antibody (Abcam, Ab68538). Alexa Fluor 555-conjugated donkey anti-rab-
bit IgG (Thermo Fisher Scientific; A31572) was used as secondary antibody. Sections were counterstained 
using Hoechst 33258 (MilliporeSigma). Stained sections were mounted in Prolong Anti-fade (Invitrogen). 

https://doi.org/10.1172/jci.insight.120994


1 5insight.jci.org   https://doi.org/10.1172/jci.insight.120994

R E S E A R C H  A R T I C L E

Images of  stained mouse lung sections were obtained at 40× and 100× magnification using a Nikon eclipse 
E1000 microscope and the NIS-Elements software (Nikon).

Transmission electron microscopy. Mouse lungs were fixed in modified Karnovsky’s fixative (2% para-
formaldehyde, 2.5% glutaraldehyde in 0.05 M, sodium cacodylate buffer, pH 7.2) for 24 hours. One lung 
lobe was divided into 9 transverse sections, and every other section starting from the second section was 
processed further for electron microscopy. Samples were sequentially stained using 1% OsO4 for 4 hours, 
1% tannic acid for 3 hours, and 1% uranyl acetate overnight; they were then dehydrated and embedded in 
epoxy resin (Agar 100, Agar Scientific). Electron microscopy was conducted on 50-nm sections cut using 
an Ultracut E (Reichert) microtome and collected on mesh copper support grids. Contrast was added to 
the sections using lead citrate and tannic acid, and images were acquired using a LEO 912 transmission 
electron microscope (Carl Zeiss) operated at an accelerating voltage of  120 kV.

Isolation of  epithelial cells. After obtaining BALF, lungs were washed twice through the intratracheal 
cannula with 0.8 ml PBS, and the liquid was discarded. Thereafter, epithelial cells were isolated using a 
predisgestion buffer (20 mM EDTA and 1 mM DTT in HBSS without Ca2+ or Mg2+ supplemented with 10 
mM HEPES). Initially, 0.8 ml of  prewarmed predigestion buffer was instilled through the intratracheal can-
nula. Lungs were immersed in prewarmed PBS and placed in a water bath at 37°C, where they remained 
during the whole procedure. Lungs were then washed with 0.8 ml of  prewarmed predigestion buffer once at 
15. 30, and 45 minutes and 1 hour after the first instillation. After each lavage, the buffer aspirated from the 
lungs containing epithelial cells in suspension was transferred to a tube kept on ice. All the lavages obtained 
from 3 animals belonging to the same group were pooled to obtain each epithelial cell sample. The cell 
suspension was vortexed for 2 minutes and centrifuged (500 g, 10 min, 4°C). The SN was discarded and 
the cell pellet resuspended in 2 ml HBSS and kept on ice. Erythrocytes were lysed using the ACK Lysing 
Buffer (Gibco, Thermo Fisher Scientific). Afterward, cell pellets were incubated in 1 ml of  collagenase type 
I (2 mg/ml; 17100-017, Invitrogen) and DNAse I (40 U/ml; D-4513, MilliporeSigma) in DMEM/F12 with 
HEPES for 30 minutes at 37°C. After enzymatic digestion, cells were washed with 10 ml HBSS, centrifuged 
(500 g, 10 min, 4°C), and resuspended in 2 ml HBSS. The cell suspension was passed through a 30-μm 
mesh (Miltenyi Biotec) to obtain a single-cell suspension. A sequential negative selection of  epithelial cells 
was performed using MACS separation reagents and instruments (Miltenyi Biotec). Samples were first 
depleted of  CD45-positive cells and then of  Ly6G-positive cells, using 2 different MACS LD Depletion 
columns, microbeads, and MidiMACS magnets (all from Miltenyi Biotec). The procedure was performed 
according to the manufacturer’s instructions, with the exception that columns were washed 3 times instead 
of  2, to maximize the recovery of  unlabeled cells, and that the incubation with Anti–Ly-6G-Biotin beads 
was increased from 10 to 30 minutes, to improve neutrophil depletion. At the end of  the procedure, the 
magnetically unlabeled cell fraction containing epithelial cells was collected. Ice-cold PBS was added to a 
total volume of  14 ml, samples were centrifuged (500 g, 10 min, 4°C), and the SN was discarded. Cells were 
resuspended in 1 ml PBS, transferred to MCT-175-L-C tubes (Axygen), and centrifuged (1,000 g, 5 min, 
4°C). After the SN was completely removed, pellets were frozen in liquid N2 and stored at –80°C.

Presence of  leukocytes and neutrophils in the airway epithelial cell suspension was detected by flow 
cytometry. Cell suspensions from the different fractions, CD45+ (leukocytes), Ly-6G+ (neutrophils), and 
CD45–Ly-6G– were washed in FACS buffer (HBSS without calcium, magnesium, and phenol red [HBSSwo], 
2% v/v FCS, 5 mM EDTA) and stained with the viability marker Fixable Viability Dye eFluor 780 (Thermo 
Fisher Scientific) for 30 minutes, on ice and in the dark. After the viability staining, cells were washed in 
FACS buffer and labeled with anti–EpCAM FITC (G8.8), anti–CD45 PE (30-F11) and anti–Ly-6G-PerCP 
eFluor710 (1A8-Ly6g) (all from Thermo Fisher Scientific). After the staining (30 minutes, on ice, in the 
dark), cells were washed with FACS buffer and analyzed by using the FACS Jazz (Becton Dickinson).

MS. Mice BALF (50 μl) and mucus plug samples were incubated overnight at 37°C in reduction buffer 
(6 M guanidinium hydrochloride [GuHCl], 0.1 M Tris/ HCl pH 8.5, 5 mM EDTA, 0.1 M DTT; Merck) 
followed by a modified filter-aided sample preparation (FASP) protocol using 6 M GuHCl (43). Briefly, pro-
teins were alkylated on 10 kDa cut-off  filters and subsequently digested for 4 hours with LysC (Wako Chem-
icals), followed by an overnight trypsin (Promega) digestion. Heavy peptides (JPT Peptide Technologies) for 
Muc5b and Muc5ac absolute quantification (5 peptides for each protein, 100 fmol each; Supplemental Table 
8) were added before trypsin digestion. Epithelial cells for proteomics analysis were prepared according to 
the FASP protocol (44). Briefly, cells were lysed by boiling in 4% SDS, buffer was exchanged to 8 M urea on 
30 kDa cut-off  filters, and proteins were alkylated and digested for 4 hours with endopeptidase LysC (Wako 
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Chemicals), followed by overnight digestion with trypsin (Promega). Human BALF (180 μl) was processed 
as mouse BALF, but heavy labeled peptides (JPT Peptide Technologies) for 15 human proteins were added 
(100 fmol each; Supplemental Table 8).

Peptides released from the filter by centrifugation were cleaned with StageTip C18 columns as previ-
ously described (45). Nano-Liquid-Chromatography MS (NanoLC-MS/MS) was performed on an EASY-
nanoLC system (Thermo Fisher Scientific), connected to a Q-Exactive Hybrid Quadrupole-Orbitrap Mass 
Spectrometer (Thermo Fisher Scientific) through a nanoelectrospray ion source. Peptides from mucus 
plugs and BALF samples were separated in an in-house packed C18 reverse-phase column (150 × 0.075 
mm inner diameter, C18-AQ 3 μm) by a 60-minute gradient from 5%–40% B (A, 0.1% formic acid; B, 
0.1% formic acid/80% acetonitrile 200 nl/min). Peptides from epithelial cell samples were separated with 
a heated (50°C) C18 reverse-phase EASY-Spray column (500 × 0.050 mm, PepMap RSLC, 2 μm, 100 Å) 
by a 120-minute gradient from 2%–25% B, followed by 10-minute increase to 40% B. Full mass spectra 
were acquired from m/z 320–1,600, for BALF and plugs, or 400–1,600 m/z, for epithelial cell pools, with 
resolution of  70,000. Up to the 12 most intense peaks (charge state ≥2) were fragmented. Tandem mass 
spectra were acquired with a resolution of  35,000 and automatic dynamic exclusion for BALF and mucus 
plugs, with a resolution of  17,500 and dynamic exclusion of  10 seconds for epithelial cells. Human BALF 
samples were analyzed by acquiring full spectra from m/z 350–1,600 with a resolution of  70,000. Up to 
the 10 most intense peaks were fragmented, and tandem mass spectra were acquired with a resolution of  
17,500 and dynamic exclusion of  10 seconds. For absolute quantification, a separate targeted MS method 
was used where only precursors and fragments of  the heavy and corresponding light peptides were scanned 
with a resolution of  35,000.

Proteomic data analysis. Proteomics data were analyzed with the MaxQuant program (version 1.4.1) (46). 
Searches were performed against the mouse UniProt protein database (downloaded July 23, 2015) or the 
human Uniprot protein database (downloaded July 23, 2015) supplemented with an in-house database con-
taining all the human and mouse mucin sequences (http://www.medkem.gu.se/mucinbiology/databases/). 
Searches were performed with full tryptic specificity, with a maximum of  2 missed cleavages, a precursor 
tolerance of  20 ppm in the first search followed by 7 ppm for the main search, and 0.5 Da for fragment ions. 
Carbamidomethylation of  cysteine was set as a fixed modification, and methionine oxidation and protein 
N-terminal acetylation were set as variable modifications. The FDR was set to 1% both at the peptide and 
protein levels, and the minimum required peptide length was set to 6 amino acids. Proteins were quantified 
by the MaxQuant label-free quantification (LFQ) algorithm, using a minimum of  2 peptides. Data filtering, 
data clustering, and PCA were performed with the Perseus software (version 1.5.6.0). The data was filtered 
based on the presence of  a protein group in at least 3 of  6 biological replicates for BALF, 4 of  7 replicates 
for epithelial cells, and 6 of  12 replicates for plugs. Missing values were replaced from the normal distri-
bution. Albumin was excluded as contaminant. Hierarchical clustering was obtained using the Euclidean 
distance, with average linkage and preprocessing with k-means for rows and columns. Results were plotted 
as heatmaps. For PCA, the default parameters were used, obtaining 5 components with the Benjamin-Hoch-
berg method (FDR = 0.05). The MS proteomics data were deposited to the Proteome Xchange Consor-
tium (http://proteomecentral.proteomexchange.org) via the PRIDE partner repository (https://www.ebi.
ac.uk/pride/archive/) with the dataset identifier PXD006770. Absolute quantification of  proteins that had 
heavy-labeled standard peptides (Supplemental Table 8) was performed with the Skyline program (version 
3.6.0.1) (47). The median peptide concentration was reported as protein concentration.

Mouse mucus transport in live tissues. Animals were euthanized with an overdose of  pentobarbital sodium 
i.p., and the abdominal aorta was severed. Both trachea and the connected lungs were isolated. The trachea 
and proximal part of  the primary bronchi were opened and mounted in a Petri dish coated with Sylgard 184 
Silicone Elastomer (Dow Corning) using 27 G needles. The tissue was covered in 0.4 mM Alcian blue 8GX 
diluted in oxygenated (95% O2, 5% CO2) Krebs-glucose buffer in 116 mM NaCl, 1.3 mM CaCl2, 3.6 mM KCl, 
1.4 mM KH2PO4, 23 mM NaHCO3, and 1.2 mM MgSO4, 10 mM d-glucose, 5.7 mM pyruvate, and 5.1 mM 
glutamate, pH 7.4, and gradually heated to 37°C. The tissue was monitored through a stereo microscope. The 
mean speed of  the moving AB-stained mucus in each time-lapse was calculated using NIS-Elements (Nikon) 
(mean of  2–5 measurements). Then, the mean of  the speed of  2–6 time-lapses/mouse was calculated.

Patient samples. BALF samples were collected from healthy never-smokers, healthy smokers, and 
patients with diagnosed COPD. The clinical characteristics for these patients are summarized in Sup-
plemental Table 5.
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Statistics. Results are presented as median ± interquartile range (IQR) or mean ± SEM. For compari-
sion of  2 independent groups, we used the Mann-Whitney U test; for comparison of  multiple groups, we 
used the Kruskal-Wallis test, with Dunn’s post-hoc test to correct for multiple comparisons. The number 
of  biological replicates is indicated by n (number of  animals or samples when several animals were pooled 
to obtain 1 data point). Significance was defined as P < 0.05. For statistics on proteomic data analysis, the 
Benjamin-Hochberg method (FDR 0.05) was used.

Study approval. Care and use of  animals was undertaken in compliance with the European Community 
Directive 2010/63/EU. Animal experiments were approved by the local ethics committee in Gothenburg 
with the ethical permit numbers 100-2014 and 75-2015. Human samples were acquired with approval by 
the local human research ethics committee with the permit number 543-11. All human subjects gave writ-
ten informed consent prior to inclusion, and all investigations were performed in accordance with the 
Declaration of  Helsinki.
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