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Abstract

Rationale: MUC5AC (mucin 5AC, oligomeric gel-forming) and
MUCSB (mucin 5B, oligomeric gel-forming) are the predominant
secreted polymeric mucins in mammalian airways. They
contribute differently to the pathogenesis of various muco-
obstructive and interstitial lung diseases, and their genes are
separately regulated, but whether they are packaged together or
in separate secretory granules is not known.

Obijectives: To determine the packaging of MUC5AC and
MUCSB within individual secretory granules in mouse and
human airways under varying conditions of inflammation
and along the proximal-distal axis.

Methods: Lung tissue was obtained from mice stimulated to
upregulate mucin production by the cytokines IL-18 and IL-13
or by porcine pancreatic elastase. Human lung tissue was
obtained from donated normal lungs, biopsy samples of
transplanted lungs, and explanted lungs from subjects with
chronic obstructive pulmonary disease. MUC5AC and MUC5B

were labeled with antibodies from different animal species or, in
mice only, by transgenic chimeric mucin-fluorescent proteins and
imaged using widefield deconvolution or Airyscan fluorescence
microscopy.

Measurements and Main Results: In both mouse and human
airways, most secretory granules contained both mucins
interdigitating within the granules. Smaller numbers of granules
contained MUCS5B alone, and even fewer contained MUC5AC alone.

Conclusions: MUC5AC and MUCS5B are variably stored

both in the same and in separate secretory granules of both
mice and humans. The high fraction of granules containing
both mucins under a variety of conditions makes it unlikely
that their secretion can be differentially controlled as a
therapeutic strategy. This work also advances knowledge of the
packaging of mucins within secretory granules to understand
mechanisms of epithelial stress in the pathogenesis of chronic
lung diseases.
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At a Glance Commentary

Scientific Knowledge on the
Subject: The two major airway
mucins, MUC5AC (mucin 5AC,
oligomeric gel-forming) and MUC5B
(mucin 5B, oligomeric gel-forming),
have distinct physical properties and
functions despite similarity in structure.
MUCS5AC is important for protection
against helminth migration through the
lungs but disproportionally contributes
to formation of mucus plaques in
allergic airway inflammation. MUC5B
is important for homeostatic
mucociliary clearance, but a high-
expressing allele contributes to
idiopathic pulmonary fibrosis. Both
mucins can be produced within a
single surface airway secretory cell, but
whether they are packaged together
within individual secretory granules is
not known.

What This Study Adds to the
Field: Using high-resolution light
microscopy of mouse and human
tissues, we find that in cells
producing both mucins, most
granules contain both mucins. This
finding suggests that therapeutic
strategies to differentially modulate
secretion of either MUC5AC or
MUCS5B will not be effective. In
addition, we find that the two
mucins interdigitate within granules,
which might have implications for
protein homeostasis and cellular
stress in chronic lung diseases.

Mucus forms a mobile barrier in the
conducting airways, trapping inhaled
pathogens, particles, and toxicants, which are
then propelled out of the lungs by ciliary
beating (1, 2). Mucus is formed by the

interactions of secreted polymeric mucins
with water and ions, resulting in a gel-like
substance that has variable viscoelastic and
lubricant versus adhesive properties
depending on its hydration status (3, 4).
The secreted mucins are very large, highly
glycosylated proteins that polymerize into
linear chains and networks. Two polymeric
mucins are secreted into the airways,
MUCS5AC (mucin 5AC, oligomeric
gel-forming) and MUC5B (mucin 5B,
oligomeric gel-forming), with little or no
contribution from other polymeric mucins
(1,5,6).

Airway mucus is often considered a
homogeneous mixture of MUC5AC and
MUCSB, perhaps because of the clear,
colorless, and homogeneous macroscopic
appearance of normal mucus and perhaps
because of similarities in the primary
structure of MUC5AC and MUCS5B (1, 3).
However, recent work using
immunohistochemical techniques shows
that the two polymeric mucins can occupy
distinct microscopic domains in airway
mucus (7-10). In addition, MUC5B forms
~27-um-diameter bundled strands that
emanate from submucosal glands, while
MUCS5AC and MUC5B together form <2-
pum-diameter threads that emanate from
surface epithelial cells, with both elongated
structures helping clear large particles
(10-14). Despite similarities in their primary
structure, genetic deletion experiments in
mice have shown the two mucins to have
distinct functions as follows. MUC5AC is
required for the clearance of parasitic worms
from the gut (15), and it traps migrating
worms in the lungs (16, 17). MUC5B is
required for ciliary clearance of microbes and
particles, such that many MUCS5B knockout
mice die of infection and airway obstruction
(18), and humans lacking MUC5B
experience repeated lung infections and
develop bronchiectasis (19). Pathologically,
MUCSAC causes airflow obstruction in
allergic asthma (20), an overexpressing allele

of MUCS5B is highly associated with
interstitial lung disease (21, 22), and both
mucins contribute to mucus dysfunction in
cystic fibrosis (11, 23).

Our current understanding of mucus
formation is further complicated by the
recent recognition that baseline and
stimulated mucin secretion are mediated by
two different molecular machines (24). Both
machines are variants of the conventional
vesicle trafficking SNARE (soluble
N-ethylmaleimide-sensitive factor
attachment protein receptor) apparatus that
has been conserved from yeast to man.
However, although some molecular
components are shared between the baseline
and stimulated exocytic machines, such as
SNAP23 (synaptosome associated protein 23)
and Munc13-2 (mammalian uncoordinated
13-2) (25, 26), others are distinct, such as
Munc18b (mammalian uncoordinated 18b),
which functions predominantly in stimulated
secretion, while Muncl8a (mammalian
uncoordinated 18a) functions in baseline
secretion (27). The fast exocytic calcium
sensor Syt2 (synaptotagmin 2) functions
exclusively in stimulated secretion (28, 29).

MUC5AC and MUCSB are often
synthesized and secreted within the same cells
of the surface airway epithelium (1, 25, 30, 31).
However, it is not known whether they are
packaged into separate secretory granules or
copackaged into a single population of
granules. This question has important
implications for the possible differential
secretion of MUC5AC and MUCS5B, for
their interaction to form extracellular
mucus, and for the induction of protein
homeostasis (proteostasis) stress during their
intracellular trafficking. To address this
knowledge gap, we assembled panels of
mucin-specific antibodies and transgenic
fluorescent reporter mice, and performed
high-resolution imaging studies of mouse and
human airways. Some of the results of these
studies have been previously reported in the
form of an abstract (32).
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Methods

Briefly, wild-type C57BL/6 mice, challenged
with cytokines or elastase to induce mucous
metaplasia, were studied at MD Anderson
Cancer Center and the University of
Gothenburg under approved institutional
protocols. EGFP (enhanced green fluorescent
protein)-MUC5B and mCherry-MUC5AC
double-transgenic reporter mice were
generated at the University of Gothenburg.
Normal human tissue was obtained at the
University of Texas Health Science Center at
Houston, bronchial biopsy samples of
airways of human subjects who had
undergone lung transplantation were
obtained at the University of Gothenburg,
and lung explants and surgical biopsy
samples of human subjects were obtained at
Hannover Medical School Hospital, all under
approved institutional protocols. For
microscopic analysis, widefield
deconvolution immunofluorescence
microscopy was performed at MD Anderson
Cancer Center and Airyscan (Zeiss) high-
resolution microscopy at the University of
Gothenburg. Detailed methods are provided
in the online supplement.

Results

Mucin Expression in Mouse Airway
Secretory Cells in Response to IL-1
orIL-13
In naive mouse airways, MUC5B is produced
constitutively in secretory cells from the
trachea to preterminal bronchioles and is
readily detectable by immunohistochemical
staining (25, 30, 33). However, MUC5AC is
nearly undetectable (20, 33), so we
stimulated MUC5AC production with
cytokines delivered by intrapharyngeal
instillation. With a high degree of mucous
metaplasia, cells are so densely packed with
mucin granules that resolving individual
granules by light microscopy is difficult
(27, 30). Therefore, we induced a low degree
of metaplasia in the left axial bronchus using
two cytokines, IL-18 and IL-13, which are
prominently elevated in cystic fibrosis and
asthma, respectively (27, 34). Increased
mucin production is illustrated in Figures 1A
and 1B and analyzed in the ResuLTs section of
the online supplement.

To determine the expression of each
mucin within individual secretory cells of the
axial bronchus, MUC5AC and MUC5B were

Hoang, Ermund, Jaramillo, et al.: Mucins Are Variably Packaged Together and Apart

immunolabeled and imaged using
fluorescence microscopy (Figure 1C). After
low-dose stimulation with IL-1,
approximately half of cells contained
MUCS5B alone and half contained both
MUCS5B and MUCS5AC, but virtually no cells
contained MUC5AC alone (Figure 1C).
After low-dose stimulation with IL-13, most
cells (74%) contained both mucins, while
22% contained MUC5B alone and

4% contained MUC5AC alone.

Colocalization of MUC5AC and
MUCSB within Mucin Granules in
Mouse Airways Stimulated with IL-18
or IL-13

For mucin colocalization analysis within
secretory granules by immunofluorescence
microscopy, we focused on cells expressing
both mucins and observed three types of
granules in response to either cytokine:
granules containing MUC5AC only, MUC5B
only, or both mucins. For granules that
appeared to contain both mucins in low-
resolution images (Figure 1C), we sought
certainty that the fluorophores were
contained within a single granule rather than
in separate, closely apposed, granules. This
was achieved by using high-resolution
widefield microscopy with postacquisition
deconvolution of the images. Circular areas
filled by the two fluorophores were observed,
consistent with spherical granules densely
packed with mucins (Figure 2). This spatial
arrangement was particularly apparent in
large granules ~1 pm in diameter, and the
two mucins were seen to interdigitate rather
than to be segregated into distinct domains
(Figures 2B and 2D). No differences were
apparent between IL-13 and IL-13 in the
spatial arrangement of the two mucins
within granules.

Quantification of Mucin Granule
Populations in Mouse Airways
Stimulated with IL-18 or IL-13

To quantify the colocalization of MUC5AC
and MUCSB within secretory granules across
numerous cells of mouse axial bronchi
imaged by widefield deconvolution
immunofluorescence microscopy, we first
used a global statistical approach by
performing Pearson’s correlation coefficient
(PCC) and Mander’s colocalization
coefficient (MCC) analyses. For IL-13, PCC
was 0.75 (see Figure E2A in the online
supplement), consistent with localization of
the two mucins both within the same
granules and within separate granules.

MCC analysis similarly showed MUC5AC
red fluorescence present to a high degree in
MUC5B* green pixels (M1 = 0.68) and
MUCSB green fluorescence present to a high
degree in MUC5AC" red pixels (M2 =0.74)
(see Figure E2A). For IL-13, PCC (0.65) and
MCC (M1=0.57, M2 =0.70) analyses
similarly showed a high degree of
colocalization of the two fluorophores (see
Figure E2B). When the fluorophores of the
secondary antibodies were switched, there
was no significant difference in PCC or MCC
(not shown).

We then used an object-based approach
of instance segmentation by thresholding to
estimate fractions of granules containing one
or both mucins. Plots of random continuous
linear scans suggested granules containing
only one mucin (open triangles) or both
mucins (solid triangles) in airways stimulated
with either IL-1f (Figures 3A and 3B) or
IL-13 (Figures 3E and 3F). Segmentation by
thresholding defined line segments within
individual granules and determined whether
both fluorophores or just one fluorophore
was present in each intragranular segment
(Figures 3C and 3G). Analysis of hundreds of
granules from five mice showed similar
results for the two cytokines (Figures 3D and
3H), with 41-43% of granules containing
both mucins, 40-46% containing MUC5B
alone, and only 12-15% containing
MUCS5AC alone. A small number of granules
(1-2%) could not be categorized by our
algorithm, which should not substantially
affect the quantitative results.

In many cells, a rim of small granules
containing only MUCS5B was visible near
the apical surface of cells stimulated with
either cytokine (see Figures E3A and E3B).
In occasional cells, the rim of small
MUCSB granules surrounded a central
region of MUC5AC granules, with a
striking example imaged by confocal
microscopy (see Figure E3C). The small
MUCSB peripheral granules could
represent hypothesized “constitutive-like”
baseline secretory granules (35).

Colocalization of MUC5AC and
MUCS5B in Mouse Airways Stimulated
with Elastase

To further assess colocalization of MUC5AC
and MUCSB in mice, we used an additional
model of mucous metaplasia induced by
elastase instillation (36), together with high-
resolution Airyscan imaging as explained in
the MEeTtHODS section of the online
supplement (37). Antibody labeling of
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Figure 1. Mucin expression in mouse airways stimulated with cytokines. (A) Representative fields of periodic acid fluorescent Schiff (PAFS)-
stained bronchial airways from naive (uninflamed) mice or mice stimulated with low or high doses of IL-1B or IL-13 to increase mucin production.
Scale bars: main images, 25 pm; inset, 7 um. Box plots show quantification of the intracellular mucin volume density (nl mucin/mm? basement
membrane) in the left axial bronchus (boxes show median and interquartile range, and whiskers show fifth and 95th percentiles; for IL-1B low vs.
IL-13 low, P=0.127; for IL-1B high vs. IL-13 high, P=0.006; n=5 mice per group). (B) Representative immunoblots of right lung lysates from the
same mice as in A probed for MUC5AC (mucin 5AC, oligomeric gel-forming) and MUC5B (mucin 5B, oligomeric gel-forming). The total protein
loaded for each sample was different to avoid saturation. Box plots show densitometric analyses of the immunoblots derived from standard
curves for each probe (for MUC5B, IL-1B low vs. IL-13 low, P=0.35; for MUCS5B, IL-1B high vs. IL-13 high, P<0.001; for MUC5AC, IL-1B low vs.
IL-13 low, P=0.99; for MUC5AC, IL-1B high vs. IL-13 high, P=0.197; n=5 mice per group). (C) Image of a mouse airway after a low dose of
IL-13 and stained with antibodies against MUC5AC (red) and MUCS5B (green). Arrowheads indicate secretory cells containing MUC5AC only
(red), MUCS5B only (green), or both mucins (yellow). Scale bar, 5 um. Pie charts indicate fraction of mucin-containing cells in the axial bronchus
that have MUC5AC only, MUC5B only, or both mucins after a low dose of IL-18 (618 cells, four mice) or IL-13 (808 cells, four mice). Statistical
comparison is provided in Figure E1 for this and all subsequent pie charts except Figures 4C and E9. AU = arbitrary units.
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IL-13 low

Figure 2. High-resolution deconvolution immunofluorescence microscopy of mucin granules in mouse airways stimulated with cytokines.

(A) Deconvolved image of a mouse airway secretory cell after IL-18 challenge and staining with antibodies against MUC5AC (red) and MUC5B
(green). Scale bar, 5 um. (B) Higher magnification of mucin granules from box in A containing both mucins. Scale bar, 1 um. (C) Image of a
mouse airway secretory cell after IL-13 challenge and stained with the same antibodies. Scale bar, 5 um. (D) Higher magnification of mucin
granules from box in C containing both mucins. Scale bar, 1 pm. MUC5AC =mucin 5AC, oligomeric gel-forming; MUC5B = mucin 5B,
oligomeric gel-forming.

mucins showed granules containing one or containing MUC5AC alone (Figure 4C; (36). As for antibodies against MUC5AC
both mucins (Figure 4A), similar to cytokine-  see Figure E5). (Figure 1), mCherry-MUC5AC was barely
induced metaplasia (Figures 2 and 3). To corroborate the observations made expressed in uninflamed mouse airways (not
Line-plot profiles identified all three granule with antibody staining, fluorescent tags were ~ shown). To upregulate mCherry-MUC5AC,
populations (Figure 4B; see additional introduced by clustered regularly interspaced  elastase was instilled into mCherry-
examples in Figure E4). By object analysis, short palindromic repeats (CRISPR)/Cas MUC5AC/EGFP-MUCSB double-reporter
most granules contained both mucins, with methodology into the endogenous Muc5b mice, resulting in abundant mCherry-

only 16% containing MUC5B alone and 1% (EGFP) and Muc5ac (mCherry) mucin genes ~MUCS5AC and EGFP-MUCS5B expression
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Figure 3. Quantitation of MUC5AC (mucin 5AC, oligomeric gel-forming) and MUC5B (mucin 5B, oligomeric gel-forming) colocalization within
granules of mouse airways stimulated with cytokines. (A and E) Representative images of mouse airway secretory cells stimulated with IL-18
(A) or IL-13 (E), stained with antibodies against MUC5B (green) and MUC5AC (red), and imaged using deconvolution immunofluorescence
microscopy. White lines indicate the area of measured pixel intensities plotted in B and F. Scale bar, 5 wm. (B and F) Line-scan analyses of
pixels in the white lines in A and E are plotted as MUC5AC (red) and MUC5B (green) proportional fluorescence intensity (y-axis) versus the
lengths of the white lines (x-axis). Fluorescence intensities were normalized for each image analyzed. Correspondence of the peaks for each
line indicates colocalization of the mucins (solid triangles), whereas lack of correspondence indicates no colocalization (open triangles).

(C and G) Color strips (top) correspond to the white lines but are three pixels wide and smoothed in Photoshop (Adobe) for visibility. Color
ribbons (bottom) are generated after discarding the lowest third of pixel intensities in B and F to minimize background noise. Each color
segment represents a counted granule. (D and H) Populations of all granules counted in the line-scan analyses. For IL-1B-treated mice:

730 granules, 83 cells, five mice; for IL-13 treated mice: 666 granules, 73 cells, five mice.

(Figure 4D). The presence of the three stimulated double-reporter mice (Figures4C ~ MUCS5AC and MUC5B Expression in
granule populations identified by and 4D). At higher magnification, we again Human Airways

immunofluorescence microscopy in noted that the two mucins interdigitated To determine whether mucins in human
cytokine- or elastase-stimulated wild-type within the granules (Figures 4E-4H; see airways are packaged in a similar manner, we
airways were also observed in elastase- Figure E6). stained and analyzed human tissue as for
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mice, except that human airways were not
stimulated with cytokines or elastase. Human
tissue imaged in Figures 5-7 was nominally
normal, obtained from lungs donated but
not used for transplantation (see Table S1).
However, some subjects had histories of
cigarette smoking despite the absence of a
diagnosed lung disease, and all subjects had
been mechanically ventilated.

In human proximal airways (lobar and
segmental bronchi), surface epithelial cells
stained for both MUC5AC and MUCSB,
whereas submucosal glands stained
exclusively for MUCSB (Figure 5A). Mucus
plaques adherent to the surface epithelium
showed a heterogeneous mixture of
MUC5AC and MUCSB (Figure 5A, white
arrowhead). Luminal mucus emanating from
the ducts of submucosal glands contained
exclusively MUCSB in the distal region but
was coated with MUC5AC proximally
(Figure 5A, inset, yellow arrowhead), as has
been observed for mucus emanating from
the submucosal glands of pigs imaged with
lectins (11, 12). Surface epithelial secretory
cells in proximal human airways showed a
higher fraction of cells containing both
mucins or only MUC5AC (85% and 10%,
respectively; Figure 5B) than did cells in the
mouse axial bronchus stimulated with IL-18
(53% and 0%) or IL-13 (74% and 4%)
(Figure 1C). Conversely, proximal human
airways showed a much lower fraction of
cells containing only MUC5B (5%; Figure
5B) than cells in the mouse axial bronchus
stimulated with IL-18 (47%) or IL-13 (22%)
(Figure 1C).

Surface epithelial cells in distal human
airways (200-1,000 um diameter) also were a
mix of cells containing one or both mucins
(Figure 5C). In distal airways that displayed
longitudinal folds (Figure 5C), intracellular
mucin content was higher at the base of
furrows compared with the apex of ridges, as
previously noted using histochemical stains
(38). Most cells within individual folds
contained predominantly the same mucin
(Figure 5C). Similarly, in explants from

subjects with chronic obstructive pulmonary
disease (COPD) undergoing lung
transplantation, the expression of MUC5AC
and MUCSB tended to be locally uniform,
though different airways within a single
subject were highly variable (see Figure E7).
Secretory cells in distal airways showed a
distribution of cells containing one or both
mucins similar to that in proximal airways,
but with a higher fraction of cells expressing
only MUC5B (5% in proximal vs. 19% in
distal; Figure 5B), more closely resembling
the mouse axial bronchus (Figure 1C). In
further-distal airways with few mucin-
containing cells, MUC5B expression
predominated, but even in those cells, small
amounts of MUC5AC were observed (Figure
5D). Granules in the most distal airways were
noticeably smaller than those in more
proximal airways.

Colocalization of MUC5AC and
MUCS5B within Mucin Granules in
Human Airways

As for mouse airways, we focused on cells in
human airways expressing both mucins and
similarly observed granules containing one
or both mucins (Figure 5; see Figure E7B).
We again sought certainty that the
fluorophores labeling each mucin were
contained within a single granule using high-
resolution widefield deconvolution
microscopy. Similar to the results in mice,
images of human proximal and distal airway
secretory cells showed circular and elliptical
regions filled by the two fluorophores,
consistent with granules densely packed with
mucins (Figure 6). Distal airway cells, in
particular, showed interdigitating mucins
that closely resembled mouse cells (Figure
6D). However, many granules in proximal
airway cells showed small central regions
devoid of fluorophores (Figure 6B, white
arrowheads). Notably, mucin granules were
spaced uniformly throughout the cytoplasm
from the nucleus to the apical membrane,
even in the tallest (~50 pm) proximal airway
secretory cells (Figures 6A, 6C, 7A, and 7E;

see Figures E8B and E8E), similar to the
uniform spacing in mouse cells (Figures 3A,
3E, and 4F; see Figure E5).

Quantification of Mucin Granule
Populations in Human Airways

To quantify the colocalization of MUC5AC
and MUCS5B, we performed widefield
deconvolution immunofluorescence
microscopy across numerous cells. Global
statistical analysis by PCC yielded results
similar to those for mice in both proximal
(0.79; see Figure E2C) and distal (0.78; see
Figure E2D) human airways. MCC analysis
of human proximal airways (see Figure E2C)
showed similar amounts of MUC5B
colocalized with MUC5AC (M1 =0.84) as
MUCSAC colocalized with MUC5B

(M2 =0.82), resembling the patterns in
cytokine-challenged mice (see Figures E2A
and E2B). MCC analysis of human distal
airways (see Figure E2D) yielded similar
results (M1 =0.79, M2 =0.89).

The object-based analysis of
segmentation by thresholding showed
similar fractions of granules containing both
mucins in human proximal (36%; Figure 7D)
and distal (35%; Figure 7H) airways as in the
axial bronchus of mice treated with IL-13
(41%; Figure 3D) or IL-13 (43%; Figure 3H).
The fraction of granules containing only
MUCS5AC in human proximal (25%;

Figure 7D) and distal (22%; Figure 7H)
airways showed nonsignificant trends
toward higher prevalence than in the axial
bronchi of mice treated with IL-18 (12%;
Figure 3D) or IL-13 (15%; Figure 3H),
consistent with the higher expression of
MUCS5AC in human airways compared with
mice (31). The fractions of granules
containing only MUCS5B were similar
between human and mouse airways.

Colocalization of MUC5B and
MUCS5AC in Human Airways by
Airyscan Microscopy

To further characterize mucin colocalization
in human airways, tissue obtained by

Figure 4. (Continued). (B) Line-scan analysis of image in A is plotted as MUC5AC (red) and MUC5B (green) fluorescence intensity (y-axis) versus

the length of the line (x-axis). Correspondence of the peaks for each line indicates colocalization of the mucins (solid triangles), whereas lack of
correspondence indicates no colocalization (open triangles). Solid bars under the graph indicate individual granules. For additional examples, see Figure
E4. (C) Populations of all granules counted in the line-scan analyses in samples stained with antibodies (top) or from reporter mice (bottom). Samples
stained with antibodies: 440 granules, 44 cells, four mice; samples from reporter mice: 70 granules, seven cells, three mice; for samples stained with
antibodies versus reporter mice, P<0.001 by chi-square test. The complete data set of frequency distribution for granules imaged by immunofluorescence
is shown in Figure E5. (D) Representative Airyscan image of an airway from a transgenic double-reporter mouse (EGFP-MUC5B/mCherry-MUCS5AC) after
elastase challenge. Scale bar, 5 pm. (E) High-magnification image of mucin granules from the same sample as D. Scale bars, 1 um. (F) Another cell from
a double-transgenic reporter mouse. White outline indicates area of higher magnification in G. Scale bar, 5 wm. (G) Higher magnification of the granules
framed in F as well as the Z-plane reconstruction. Top panel, X-Z plane; right panel, Y-Z plane. Scale bar, 5 um. (H) High magnification of a single granule
from G showing X, Y, and Z planes. Scale bar, 1 pwm. AU = arbitrary units; EGFP = enhanced green fluorescent protein.
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Figure 5. MUC5AC (mucin 5AC, oligomeric gel-forming) and MUC5B (mucin 5B, oligomeric gel-forming) expression in human airways. (A)
Representative image of a human proximal airway stained with antibodies against MUC5AC (red) and MUC5B (green), depicting adherent
mucus (white arrowhead), surface airway epithelium (top inset), and submucosal glands (green arrowhead and right inset). Scale bar, 200 pm.
Top inset shows a higher magnification image of surface airway epithelium; scale bar, 10 um. Right inset shows a submucosal gland duct
opening into the airway with MUC5B-predominant luminal mucus and a thin coating of MUC5AC proximally (yellow arrowhead); scale bar, 50
pm. (B) Pie charts indicate fractions of mucin-containing cells in the proximal and distal airways that have MUC5AC only, MUC5B only, or both
mucins. Proximal airways: 1,021 cells, eight subjects; distal airways: 1,687 cells, nine subjects. (C) Distal airway (~600 um diameter) depicting
furrows with epithelial cells containing predominantly MUC5AC (red arrowhead), MUC5B (green arrowhead), or both (yellow arrowhead). Scale
bar, 100 wm. (D) A more distal airway (~400 wm diameter) containing little intracellular mucin but with scattered cells expressing both mucins.
Scale bars: image, 100 pm; inset, 15 um.

Hoang, Ermund, Jaramillo, et al.: Mucins Are Variably Packaged Together and Apart 1089



Distal

Figure 6. High-resolution deconvolution immunofluorescence microscopy of mucin granules in human airways. (A) Deconvolved image of
secretory cells in a human proximal airway stained with antibodies against MUC5AC (red) and MUCS5B (green). Scale bar, 5 pm. (B) Higher
magnification of the boxed region in A showing mucin granules containing both mucins and a central lucency (white arrowheads). Scale bar,
1 wm. (C) Deconvolved image of secretory cells in a human distal airway stained with the same antibodies. Scale bar, 5 um. (D) Higher
magnification of the boxed region in C. Scale bar, 1 um. MUC5AC =mucin 5AC, oligomeric gel-forming; MUC5B = mucin 5B,

oligomeric gel-forming.

bronchoscopic biopsy of subjects with interdigitating within granules and by deconvolution microscopy in human
lung transplants was analyzed using (Figures 8A-8C), similar to what was airways (Figures 5-7). However, occasional
Airyscan microscopy (Figure 8). Most of the ~ observed by deconvolution and Airyscan cells contained granules with MUC5B in the
cells containing both mucins showed them microscopy in mouse airways (Figures 2-4) center surrounded by a rim of MUC5AC

1090 American Journal of Respiratory and Critical Care Medicine Volume 206 Number 9 | November 1 2022



Distal

Intensity

0 2 4 6 8 10 12
Distance (um)

c
11 DR

N ] e e

Granule Population
B MUC5B  38%
B MUC5AC 25%

[ Both 36%
EEN Other 1%
F
1.0 v v v
0.8
2
‘s 0.6
g
£ 0.4
0.2
0.0+ T T T T T )
0O 2 4 6 8 10 12
Distance (um)
G
N NV ..
] j— j—
H Granule Population

I MUC5B  42%
B MUC5AC  22%
[ Both 35%
N Other 1%

Figure 7. Quantitation of MUC5AC (mucin 5AC, oligomeric gel-forming) and MUC5B (mucin 5B, oligomeric gel-forming) colocalization within
granules of human airways. (A and E) Representative deconvolved images of human proximal (A) and distal (E) airways stained with antibodies
against MUC5AC (red) and MUC5B (green). White lines indicate the area of measured pixel intensities plotted in B and F. Scale bars, 5 pm.

(B and F) Line-scan analyses of pixels in the white lines in A and E are plotted as MUC5AC (red) and MUCS5B (green) proportional fluorescence
intensity (y-axis) versus the lengths of the white lines (x-axis). Fluorescence intensities were normalized for each image. Correspondence of the
peaks for each line indicates colocalization of the mucins (solid triangles), whereas lack of correspondence indicates no colocalization (open
triangles). (C and G) Color strips (top) correspond to the white lines but are three pixels wide and smoothed in Photoshop (Adobe) for visibility.
Color ribbons (bottom) are generated after discarding the lowest third of pixel intensities in B and F to minimize background noise. Each color
segment represents a counted granule. (D and H) Populations of all granules counted in the line-scan analyses. For human proximal airways:
4,988 granules, 360 cells, eight subjects; for human distal airways: 1,138 granules, 106 cells, nine subjects.

(Figures 8D-8G). Detailed analysis of two
such granules (o and ) at four different
Z-planes showed peripheral MUC5AC, a
mixed region (likely due to limited optical
resolution), and a central MUC5B core
(Figures 8F and 8G). To rule out the
possibility that the segregation of the mucin
isoforms might be due to an artifact of the
differing wavelengths of the fluorophores on
secondary antibodies, the fluorophores were
switched, with the same outcome (see Figure
E8). Such cells were also occasionally
observed by widefield deconvolution

microscopy in normal subjects (see
Figure ESE).

Colocalization of MUC5AC and
MUC5B in Cultured Human Airway
Epithelial Cells

To further study the packaging of mucins
within secretory granules, cultured airway
epithelial cells could be valuable for live cell
imaging, genetic manipulation, and other
in vitro approaches. Therefore, we explored
colocalization of MUC5AC and MUC5B in
human proximal and distal airway cell

culture systems to determine whether they
approximate findings in human airways
in situ.

To model proximal airways, human
airway epithelial cells (HAECs) were cultured
at air-liquid interface in the presence or
absence of IL-13 (see Figure E9). Without
IL-13, 41% of cells expressed both mucins,
and with IL-13, 31% expressed both mucins
(see Figure E9C), compared with 85%
expressing both mucins in situ (Figure 5B).
As expected, without IL-13, a large fraction
of cells expressed only MUC5B (42%),
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Figure 8. MUC5AC (mucin 5AC, oligomeric gel-forming) and MUC5B (mucin 5B, oligomeric gel-forming) colocalization in human airways
imaged by Airyscan immunofluorescence microscopy. (A) Representative Airyscan image of a bronchial biopsy from a lung transplanted into a
patient with cystic fibrosis, stained with antibodies against MUC5AC (red) and MUCS5B (green). White line indicates the area of measured pixel
intensities plotted in B. Scale bar, 5 wm. (B) Line-scan analysis of A is plotted as MUC5B (green) and MUC5AC (red) fluorescence intensity
(y-axis) versus the length of the line (x-axis). Correspondence of the peaks for each line indicates colocalization of the mucins (solid triangles),
whereas lack of correspondence indicates no colocalization (open triangles). Solid bars under the graph indicate localization of granules.

(C) Higher magnification of mucin granules from box in A containing both mucins. Scale bar, 1 um. (D) Representative Airyscan image of a
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whereas with IL-13, a large fraction
expressed only MUC5AC (62%). Consistent
with the relatively low percentage of HAECs
expressing both mucins, global statistical
analyses (see Figure E9D) showed low PCC
(0.30) and MCC (M1=0.31, M2 =0.26) in
the absence of IL-13, as well as its presence
(PCC=0.17) (MCC: M1=0.15, M2 =0.28).
Similarly, object-based analysis showed fewer
granules in HAECs containing both mucins
(without IL-13, 17%; with IL-13, 14%; see
Figure E9G) than in situ (36%; Figure 7D).
To model distal airways, precision-cut
lung slices (PCLS) harvested from the lung
periphery were cultured (see Figure E10). For
PCLS, 42% of cells expressed both mucins
and 46% expressed only MUCSB (see Figure
E10B), compared with cells in situ, of which
75% expressed both mucins and 19%
expressed only MUCSB (Figure 5B). By
object-based granule colocalization, 30% of
granules contained both mucins and 46%
contained only MUCS5B with PCLS (see
Figure E10F), compared with cells in situ, in
which 35% of granules contained both
mucins and 42% contained only MUC5B
(Figure 7H). In summary, there are both
similarities and differences between cultured
and in situ cells that need to be considered
when interpreting future imaging and
functional studies in cultured cells.

Discussion

The production and secretion of polymeric
mucins is an essential defense of the airways
(1, 2, 18), and dysfunction of this process is
central to multiple lung diseases. These
include the muco-obstructive lung diseases
asthma, COPD, cystic fibrosis, and
bronchiectasis (4), as well as interstitial lung
diseases (21). The muco-obstructive lung
diseases are characterized by mucin
hyperproduction, rapid secretion, and
insufficient hydration, with mucus
dysfunction most pathophysiologically
significant in the extracellular airway lumen
(1, 4, 24). This manifests as mucus plaque
formation and luminal occlusion, resulting in
inflammation, infection, and airflow
obstruction. In the interstitial lung diseases, it

is more likely that mucin hyperproduction
causes cellular proteostasis stress resulting in
lung epithelial progenitor depletion, though
the pathophysiology is not yet certain (21, 22,
39, 40).

For all these diseases, it is critical to
understand the intracellular trafficking of
newly synthesized mucins and their
packaging into secretory granules to allow
insight into pathophysiologic mechanisms
and the potential consequences of
therapeutic targeting. To address these issues,
we used high-resolution imaging of secretory
cells in mouse and human airways. Our
central findings are that most secretory
granules in both mice and humans contain
both mucins and that most commonly, the
mucins interdigitate within the granules. The
colocalization of both mucins within most
granules makes it unlikely that the secretion
of MUCS5AC versus MUC5B can be
differentially controlled as a therapeutic
strategy to limit the presence of MUC5AC in
luminal mucus, which can impair ciliary
clearance (8, 41). Nonetheless, selective
limitation of MUC5AC expression is being
targeted with biologic agents directed at
upstream mediators of allergic inflammation
(42) and more directly by RNA interference
(43). In addition, the efficacy of inhibiting
rapid stimulated secretion of both mucins
while preserving homeostatic baseline
secretion has recently been validated in
preclinical studies (27, 29, 44).

In focusing on cells in mice that
contained both MUC5AC and MUC5B, we
were able to observe the packaging of the two
mucins within secretory granules by high-
resolution widefield deconvolution
immunofluorescence microscopy. This
showed that most granules were almost
completely occupied by the fluorochromes
(Figure 2), suggesting that little or no
material besides mucins was packaged within
these granules. The dense interdigitation of
MUCS5AC and MUCS5B within secretory
granules was similarly observed in mice
challenged with elastase and imaged using
Airyscan immunofluorescence microscopy
(Figure 4A) and in mucin-fluorescent
protein chimeric double-reporter transgenic
mice (Figures 4D-4H). The close

interdigitation of the mucins in most
granules suggests a stochastic packaging
process in the trans-Golgi network, though
ordered adjacent packing of MUC5AC and
MUCSB is also possible. If packaging is
ordered in some way and monitored by a
cellular process, then proteostasis stress due
to overexpression of MUC5B from the allele
associated with idiopathic pulmonary fibrosis
(45) might be sensed in the Golgi apparatus
in addition to or instead of the endoplasmic
reticulum (46, 47). The packaging of mucin
species within secretory granules has been
explored previously by biochemical and
biophysical techniques (41, 48-51), and those
results can now be integrated with our
morphologic findings in further mechanistic
studies.

Findings in proximal and distal human
airways (Figures 5-8) were similar to those
in mice (Figures 1-4), with some
exceptions. First, mice required stimulation
with cytokines to visualize MUC5AC, but
humans did not. This probably reflects the
fact that mouse proximal airways resemble
human distal airways, with minimal
MUCSAC expression in either in the
absence of inflammation (31, 52). In
addition, the mice we examined were only
several weeks old and housed in protected
environments, whereas the human subjects
were exposed to environmental toxicants
for decades, including cigarette smoke.
Second, we observed in medium-sized
human airways with prominent folds
(Figure 5C), but not in mice, that secretory
cells congregated at the base of furrows, as
described previously (38), and that secretory
cells within a single furrow tended to show
the same pattern of expression of one or
both mucins. We speculate that local
interactions with immune cells or paracrine
interactions among epithelial cells result in
the relative homogeneity with furrows (53).
Similarly, we observed local predominance
of the expression of MUC5AC or MUC5B
within individual airways of normal subjects
and those with COPD but variable
expression among different airways (see
Figure E7). Third and similar to mice, most
secretory granules in human airways
showed dense interdigitation of MUC5AC

Figure 8. (Continued). bronchial biopsy from a lung transplanted into a patient with chronic obstructive pulmonary disease stained with the same
antibodies. White line indicates the area of measured pixel intensities plotted in E. Two granules (« and B) are further analyzed in Fand G. Scale
bar, 5 um. (E) Line-scan analysis of Dis plotted as in B. Correspondence of the peaks for each line indicates colocalization of the mucins (solid
triangles), whereas lack of correspondence indicates no colocalization (open triangles). (F) Schematic drawing of the separation of MUC5AC (red)
and MUC5B (green) in the Z-plane (planes 1-4) of the two granules (« and B) in D. (G) Detailed analysis of the selected granules (a and ) at four
different Z-planes (planes 1-4). Planes 2 and 4 show additional X-Z and Y-Z reconstruction. The granules show predominant MUC5AC staining
(red) at their periphery and predominant MUC5B staining (green) in the center. Scale bar, 1 um. AU = arbitrary units.
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and MUC5B by immunofluorescence
microscopy (Figures 6 and 7), though
granules in proximal human airways often
showed a nonfluorescent central region
suggesting either that nonmucin molecules
were packaged together with the mucins or
that this region was not accessible to
antibodies. Fourth, in the airways of human
subjects who had undergone lung
transplantation and were examined by
transbronchial biopsy, granules containing
an outer rim of MUC5AC surrounding a
core of MUC5B were observed (Figures
8D-8G; see Figure E8D). Similar granules
were occasionally observed in normal lungs
(see Figure E8E) and in cells cultured from
PCLS (see Figure E10C). Notably, this
lamellar arrangement of mucins was
observed exclusively in the most peripheral
granules, suggesting that it may occur
during exocytosis. Whether it reflects an
artifact of fixation or a physiologic

rearrangement of mucin polymers during
secretion is not clear.

Our study has several limitations.
Among these are the possibility that tissue
handling during isolation and fixation could
induce degranulation. However, the relatively
uniform distribution of granules from apical
to basal poles of most imaged human airway
cells other than those obtained by
bronchoscopic biopsy argues against this.
Furthermore, the similarity in mucin
packaging between mouse and human cells
despite anatomic and metabolic differences
between mice and humans suggests that we
observed conserved features of mucin
packaging. Another limitation is that we were
unable to correlate the degree of cigarette
smoke exposure with mucin expression and
packaging, because of the limited
information available about the human tissue
specimens. A future systematic study that
addressed these issues would be of interest.

Conclusions

We have evaluated the packaging of
polymeric mucins within secretory granules
of mouse airway secretory cells under
carefully controlled conditions and in
proximal and distal airways of human
subjects with and without underlying lung
diseases. We found that most surface airway
secretory cells in mice and humans express
both mucins and that most secretory
granules contain both MUC5AC and
MUCSB densely packaged in an
interdigitating pattern. These observations
can help guide further studies of intracellular
mucin trafficking in unraveling the
pathogenesis of multiple mucoobstructive
and interstitial lung diseases and help in the
design of therapeutic interventions in airway
mucin production and secretion.

Author disclosures are available with the
text of this article at www.atsjournals.org.
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