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ABSTRACT
Gel-forming mucins are macromolecules produced by goblet cells and responsible for the
mucus gel formation. Changes in goblet cell density and in gel-forming mucin production
have emerged as sensitive indicators for mucosal diseases.
A Muc5b-GFP tagged reporter mouse was used to assess Muc5b production in
mouse tissues by immunofluorescence microscopy and fluorescent activity using
stereromicroscopy and probe-based confocal laser endomicroscopy. Muc5b production was
followed longitudinally by recording the fluorescent activity in vagina and in embryonic lung
explants under stimulation by interleukin 13.
We show that the GFP is easily visualized in the mouse adult ear, nose, trachea,
gallbladder, and cervix. Live Muc5b is also easily monitored in the nasal cavity, trachea and
vagina where its production varies during the estrus cycle with a peak at the proestrus phase
and in pregnant mice. Explant culture of reporter mouse embryonic whole lung shows that
interleukin 13 stimulates Muc5b production.
The transgenic Muc5b-GFP mouse is unique and suitable to study the mechanisms
that regulate Muc5b production/secretion and mucous cell differentiation by live imaging and
can be applied to test drug efficacy in mucosal disease models.
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INTRODUCTION
Mucus hydrogels coat mucosal surfaces and protect them from chemical, enzymatic and
mechanical damages. Main functions of mucus gels include lubrication and hydration of
epithelial surfaces and clearing dust and bacteria. Gel-forming mucins are large secreted
polymeric molecules of several MDa that form the matrix of mucus gels. They are
responsible for the structure, adhesion, and rheological properties of the gel.1,2 Mucins carry
many extended O-glycosylated chains making them difficult to study. They are synthesized
and secreted by specialized cells located at the mucosal surface or in submucosal glands.3
Abnormal mucin production is a feature of many mucosal diseases where the mucous cell
density reflects the disease state making mucins informative molecular markers to quantify
disease progression and regeneration and repair upon pharmacological treatments.4–7
Five gel-forming mucins have been identified in humans and named MUC2,
MUC5AC, MUC5B, MUC6, and MUC19. These mucins are highly conserved between
species and named Muc2, Muc5ac, Muc5b, Muc6, and Muc19 in mice.8,9 MUC5B has been
reported to be dysregulated in many mucosal disorders (Table 1) but less is known of its
mouse counterpart. Moreover, only sparse information on in vivo mucin gene regulation is
available. We recently created a genetically modified mouse strain by knock-in insertion of a
monomeric enhanced green fluorescent protein (GFP) sequence as a reporter just
downstream of the last amino acid of the gel-forming mucin Muc5b (Fig. 1a). The reporter
Muc5b-GFP mouse was used here to extend our knowledge on the expression pattern of
Muc5b by immunofluorescence microscopy, fluorescent activity and by providing noninvasive
live imaging of the lumen of the trachea, nose and vagina. Our data suggest that Muc5b
production in the cervix of living mice is hormonally regulated and we bring a proof of concept
that the transgenic reporter mouse allows to monitor Muc5b production upon drug
administration. To this end, we assessed Muc5b production in embryonic whole lung explant
culture stimulated by recombinant interleukin 13 (rIL13).
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MATERIALS AND METHODS
Mice
A transgenic reporter mouse was created by homologous recombination where the full amino
acid sequence of the gel-forming mucin Muc5b was tagged with a monomeric enhanced GFP
peptide sequence (manuscript submitted). Heterozygous (Muc5bgfp/+) and homozygous
(Muc5bgfp/gfp) Muc5b-GFP mice which are healthy and fertile were used throughout this study
using their wild-type (WT) littermates as a negative control for fluorescence activity. Mouse
genotypes were determined by PCR using the two primers 5’GTCAGGCATCTCATGCTCACAAAAGC-3’ and 5’AGGATGTAGGGTCCTAGCACCAATGTAGC-3’. For time breeding, females were examined
daily for a vaginal plug. The day of the plug was considered embryonic day 0.5 (E0.5). Mice
were housed in a specific-pathogen free animal facility. Animal protocols were approved by
the Animal Care and Use Committee of the region Nord–Pas de Calais (protocol 16062015090217056239) and in accordance with the French Guide for the Care and Use of
Laboratory Animals and with the guidelines of the European Union.

Tissue collection, stereomicroscopy, histology, and immunofluorescence microscopy
Mice were killed and tissues were removed and rinsed in phosphate-buffered saline (PBS)
(Gibco BRL, France). Stereomicroscopic pictures were taken using a M205
stereomicroscope (Leica) equipped with a color DFC450c camera (Leica). Histological
studies using either periodic acid-Schiff (PAS) or alcian blue (AB)–PAS and
immunofluorescence studies using specific primary polyclonal anti-Muc5b antibody10 and
anti-GFP antibody (Ab290, Abcam, France) were performed as described previously.10 For
immunohistochemistry of the nose and the middle ear, excess soft tissue was removed. The
nose and the middle ear were decalcified in 10% EDTA for 6 weeks and in 12% formic acid
for 3 weeks, respectively. Histological and immunofluorescence analyses were performed on
a Leica DM4000B. High-quality captures in bright field and fluorescence were performed and
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digitized for the cervix on a Carl Zeiss Axio Scan.Z1 scanner and processed with ZEN
software.

In vivo imaging
Live GFP activity was recorded by probe-based confocal laser endomicroscopy (pCLE) using
Cellvizio apparatus (Mauna Kea Technologies, Paris, France) as described previously.11 For
the cervix studies, 10–30 sec-recorded movies were acquired. Three independent observers
scored the GFP intensity from 1 (almost no GFP spots) to 4 (high content of fluorescent
mucus). On the 28 movies, 21 showed an identical score between the three observers and
seven a score that differed by one graduation between two observers. The median of the
three scores was considered. Identification of the stage of the estrous cycle was performed
by analysis of vaginal secretions.12 The vagina from five transgenic pregnant mice (from
E11.5 to E17.5) and a non-transgenic mouse (E15.5) was also observed by pCLE. GFP
activity in the vagina was scored by eye independently by three observers unaware of the
estrus phase of mice.

Embryonic lung explant culture
Mouse embryos at gestational stage E12.5 (stage of early lung branching) were removed
from homozygous Muc5b-GFP mothers. Embryos were fixed and embedded in paraffin for
further immunohistochemical analyses. Whole embryonic lungs were also dissected from the
embryos and embryonic whole lung cultures were performed as described elsewhere.13
Recombinant IL13 (10 ng/mL; SRP4166, Sigma Aldrich, France) was added into the culture
medium on day (D) 0. Lung explants were cultured at 37°C in 5% CO2 for up to 11 days. Two
sets of embryos were used and pooled for the statistical analysis. Photographs were taken in
bright field (50 ms acquisition) and fluorescent mode (10 sec acquisition without binning at
maximum light brightness) using a Leica M205 stereomicroscope equipped with a sCMOS
ORCA-Flash4.0 camera (Hamamatsu) at x30.3 magnification without a change in depth or
focus. The lung area was measured using ImageJ/FIJI14 and normalized to the area at D0.
5

Fluorescence activity was quantify using FIJI and expressed as intensity/area and
normalized to the fluorescence activity measured at D0.

Statistical analysis
Statistical analysis of the data was performed using the StatXact v6.0 statistical software
(Cytel Studio, Cambridge, MA) for exact nonparametric inference. The inter-observer
agreement for cervical GFP activity estimation was calculated using the values of κ from the
Cohen's Kappa test. When statistically significant (P value <0.05), its ranges from -1 to 1,
and the interpretation is given by the following ranges: bellow 0 no agreement, 0.01 to 0.20
slight agreement, 0.21 to 0.40 fair agreement, 0.41 to 0.60 moderate agreement, 0.61 to 0.80
substantial agreement, and 0.81to 0.99 almost perfect agreement.15
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RESULTS
Muc5b expression pattern
To gain more information about the Muc5b production profile in mouse, we performed
immunohistochemistry on adult tissues using a commercial antibody directed against the
GFP tag and a home-made specific antibody directed against a short peptide found in three
CYS domains of Muc5b (Fig. 1a). Both primary antibodies showed that Muc5b is produced
by epithelial cells in the eustachian tube, bulla, trachea, nasal cavity turbinate, gallbladder,
bronchi (Fig. 1b), and cervix (see below). These data validate our transgenic mouse as a
reporter for Muc5b tissue and cell distribution and confirmed the specificity of our anti-Muc5b
antibody. We then looked for GFP fluorescent activity using epifluorescence
stereomicroscopy in excised tissues with an epithelial cavity producing Muc5b and which is
easily accessible to further endomicroscopic studies in living mice (Fig. 2a). An intense signal
in comparison to immunohistochemistry was observed in the four tissues studied: trachea,
middle ear, cervix, and nasal cavity, while no GFP activity was detected in WT mice (Fig. 2b).
We next investigated GFP activity in anesthetized mice using pCLE. Illustrative extracted
frames from recorded movies are shown in Fig. 2c. In trachea, GFP activity was mainly
visualized as long intermingled threads (Movie 1). In the cervical region (Movie 2) and nasoand/or maxillo-turbinate (Movie 3), GFP activity was recorded as fluorescent spots or as long
intermingled threads as in trachea. Due to autofluorescent material in the ear, we did not
record convincing specific GFP movies by pCLE. Autofluorescence coming from hairs and
possibly from cellulose debris was also sometimes observed in WT and transgenic mice.
Nevertheless, these data demonstrate that GFP is easily detectable by pCLE in many tissues
in anesthetized mice.

Muc5b-GFP production seems hormonally regulated in the female reproductive tract
We next investigated Muc5b production by immunofluorescence on sections of cervical
tissue from WT and Muc5b-GFP mice using both anti-Muc5b and anti-GFP primary
antibodies (Fig. 3a and 3b). No GFP was detected in WT mice and the two antibodies
7

recognized material within or at the cell surface of goblet cells in transgenic mice. This
confirmed the specificity of the anti-Muc5b antibody and showed that Muc5b is produced in
the mouse cervix. We next followed Muc5b production by pCLE in the vagina of anesthetized
mice during the four phases of the estrus cycle (Fig. 3c and 3d). Representative movies for
the four estrus phases showed few green spots at the met-estrus stage, green fluorescent
live mucus at the pro-estrus phase and intermediate GFP activity at the estrus and di-estrus
phases (Movie 4). Three independent observers scored the GFP intensity from the movies.
Cohen's kappa correlation coefficients and 95% confidence intervals (95%CI) were 0.69
[0.49, 0.90], 0.80 [0.62, 0.98], and 0.80 [0.61, 0.98], respectively (P<0.0001 for all
comparisons) indicating substantial inter-observer agreement. The scores demonstrated a
perfect relationship between the pro- and met-estrus phases and GFP activity with Muc5b
mucin production peaking during pro-estrus (Fig. 3e). We extended our pCLE study to the
vagina in transgenic pregnant mice (Movie 5) and observed abundant thick fluorescent
mucus (Fig. 3f). These data suggest that Muc5b is hormonally regulated and demonstrate
that pCLE is an easy method to follow live fluorescent cervical mucus during the estrus cycle
and pregnancy. Our data suggest also that the transgenic Muc5b-GFP mouse represents a
good model for live mucus and goblet cell studies in the vagina of mice.

Fluorescent activity in embryonic lung explant culture is stimulated by rIL13
We next chose the embryonic lung as sterile tissue, which has been demonstrated to
express Muc5b early during fetal development16, to test whether GFP activity of the reporter
mucin may be useful in explants under pharmacological tests. Muc5b expression was first
studied by immunofluoresence microscopy on embryonic lung tissue sections using both
anti-Muc5b and anti-GFP antibodies. Analysis revealed that Muc5b was produced as early as
E12.5 using both antibodies (Fig. 4a). We next tested whether rIL13 stimulates Muc5b
production in mouse whole embryonic lung explant culture. Whole embryonic lungs were
dissected at gestational stage E12.5 and cultured onto filters. Twenty-four hours later, rIL13
was added (day D0) and the lung area and GFP activity were recorded daily by
8

stereomicroscopy until D11 (Fig. 4b). Compared with controls (without rIL13), lungs
stimulated by rIL13 exhibited much higher fluorescent activity starting at D4 (Fig. 4c and 4d).
Live fluorescence (Fig. 4d) and immunofluorescence microscopy studies (Fig. 4e) revealed a
strong Muc5b production in trachea and in the main bronchus of both unstimulated and rIL13
stimulated embryonic lung cultures. A production of Muc5b was notably observed in distal
bronchi explant cultures when stimulated by rIL13 (Fig. 4d and 4e).
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DISCUSSION
The full pattern of gel-forming mucins expression has not yet been fully determined in mouse,
especially that of Muc5b. The two main reasons for this lack of knowledge are the poor
availability of specific antibodies and the difficulty in studying mucins because they are very
large and heavily glycosylated molecules with glycoforms and natural variation in
glycosylation occurring between organs, tissues and cells.3,17 This present work confirms the
specificity and reliability of our Muc5b polyclonal antibody for immunohistological studies and
provides an important insight into Muc5b expression and production supported by three
examples in our study. First, the transgenic reporter mouse showed earlier expression of
Muc5b than previously known in mouse embryonic lungs.16 Second, rIL13 stimulates Muc5b
production in whole embryonic lung culture. This is in agreement with studies from other
teams which reported that IL13 induces goblet cell differentiation in the airways6,18 and
stimulates proliferation of goblet cells and expression of mucins in primary conjunctival cell
cultures.19 Third, we observed that Muc5b is produced in the cervix and its production seems
correlated to gonadal hormones. Although the production of human MUC5B during the
menstrual cycle is well documented, nothing was known until our report about Muc5b
production in female reproductive mouse tissue. Human MUC5B has been shown to be a
major gel-forming mucin in the cervix with a dramatic increase in production just before
ovulation.20,21 The exact functions of gel-forming mucins in the cervix are speculative. Their
main function is to drive mucus properties which change depending of the estrous cycle.
Cervical mucus should permit sperm transport at estrus but must prevent bacterial
colonization of the sterile uterus from the colonized vagina. This is supported by the
association between preterm birth risk and uterine infection in which cervical mucus
permeability appears to be increased.22,23
Previous studies10,16 and data presented here give almost the full picture of
Muc5b expression/production in adult mice outlining the perfect similarity with humans. This
supports the laboratory mouse as a relevant model to study gel-forming mucins and mucous
cells in many pathologies. Zebrafish has been recognized as a promising model amongst
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model organisms to better understand human diseases and to assess drug-induced toxicity
in a variety of organs.24 Five putative gel-forming mucin genes have been identified and
genetically GFP-tagged in this species. However, they are not orthologous to the five human
gel-forming mucin genes as three seem homologous to either MUC5AC or MUC5B and two
to MUC2.25 Furthermore, the closer evolutionary proximity of mice to humans in many
aspects spanning from anatomy to cell biology and physiology makes the mouse a better
model for human diseases and gene studies than fish.24
Our reporter mouse reveals to be an invaluable tool to monitor live Muc5b expression
under its native regulatory elements and live Muc5b production and secretion over time in
both explant culture and anesthetized mice. In living mice, this is possible because Muc5b is
produced in many accessible epithelial cavities for the pCLE probe and because we used an
enhanced GFP variant. Nevertheless, the diameter (300 – 650 µm), the lack of flexibility and
the sharpness of the pCLE fiber we use for epithelial surface imaging are the three main
limitations of the technology in small animals. Moreover, small diameter of epithelial cavities
in rodents prevents to couple the pCLE probe with standard endoscope. Despite these
substantial limitations, pCLE is a very promising technology for mucin visualization in living
genetically modified animals. In our study, we sometimes encountered autofluorescence
during in vivo imaging of hairs (see Movie 3 for example) and likely particles of cellulose
origin that can stick on the probe and may interfere with the fluorescence of the GFP tag
under the 488 nm laser of pCLE. This major obstacle for automated fluorescent quantification
could be overcome using the mCherry tag and the last generation of pCLE apparatus
equipped with dual excitation wavelengths at 488 and 660 nm.26
Because abnormal mucous cell density reflects tissue damages and remodeling in
mucosal diseases4–7, the reporter mouse may help to better understand mechanistic basis of
diseases affecting mucous cell density and to test treatment compounds to restore goblet cell
density in the numerous mouse models available for mucosal disorders (Table 1). The
visualization and quantification of Muc5b expression in explants or in a small cohort of living
mice and possibly over time should greatly help the discovery of new effective treatments.
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Table I. Human MUC5B and mouse Muc5b in normal and pathological situations
Normal
Lung

HUMAN
Disease
adenocarcinoma
IPFa
cystic fibrosisb
panbronchiolitisb

Ref.
27

Normal
Lung

MOUSE
Disease
bacterial infection

Ref.
28

29
30,31

cystic fibrosisc

10

32

Trachea

33

Trachea

Salivary glands

10

Salivary glands

asthmatic model

34

10,17

Nose

chronic rhinosinusitis

35–39

Nose

allergic rhinitis

40,41

Middle ear &
Eustachian tube

otitisd,e

35,42–44

Middle ear &
Eustachian tube

otitis

42,45,46

Eye (conjunctiva)

Eye (conjunctiva)

47

Gallbladderf

hepatolithiasis

48

Gallbladder

10

Endocervixg,h

endometrial tumors

20,49

Endocervix

10

Breast

canceri

50

Mammary tissue

Stomach

gastric cancer

51

mammary tumors

10

a: idiopathic pulmonary fibrosis (sporadic and familial).
b: mucous (goblet) cell metaplasia and submucosal gland hyperplasia leading to excessive MUC5B production responsible for
airway obstruction.
c: increased number of Muc5b-positive cells and Muc5b expression in Cftr–/– mice. Presence of mucus plugs in Cftr–/– mice
experimentally infected with Pseudomonas aeruginosa.
d: over-secretion of MUC5B in mucoïd media leads to mucus accumulation in the middle ear cavity and causes hearing loss.
e: in secretory otitis media, the inflammatory-process following bacteria colonization of the middle ear mucosa stimulates mucous cell
hyperplasia and metaplasia and up-regulates MUC5B gene expression in both the middle ear and eustachian tube.
f: abnormal mucin secretion or mucus behavior are thought to contribute to the pathogenesis of gallbladder stone formation,
cholecystitis, biliary cancer, and cystic fibrosis-associated gallbladder diseases. 52
g: gel-forming mucin that predominates in the human female endocervical epithelium, peaking prior to midcycle.
h: MUC5B may exhibit anti-HIV properties53 and has been suggested to be a relevant marker to evaluate the safety of candidate
microbicides.54
i: in agreement with Valque et al.55 showing that MCF7 luminal breast tumor cells transfected with recombinant mini-mucin MUC5B
showed aggressive behavior of the cells in vitro and in vivo.

13

REFERENCES
1.

Thornton, D. J. & Sheehan, J. K. From mucin to mucus: toward a more coherent
understanding of this essential barrier. Proc Am Thorac Soc 1, 54–61 (2004).

2.

Thornton, D. J., Rousseau, K. & McGuckin, M. A. Structure and function of the polymeric
mucins in airways mucus. Annu. Rev. Physiol 70, 459–486 (2008).

3.

Corfield, A. P. Mucins: A biologically relevant glycan barrier in mucosal protection.
Biochim. Biophys. Acta - Gen. Subj. 1850, 236–252 (2015).

4.

Danahay, H. et al. Notch2 Is Required for Inflammatory Cytokine-Driven Goblet Cell
Metaplasia in the Lung. Cell Rep. 10, 239–252 (2015).

5.

Mantelli, F., Massaro-Giordano, M., Macchi, I., Lambiase, A. & Bonini, S. The cellular
mechanisms of dry eye: from pathogenesis to treatment. J. Cell. Physiol. 228, 2253–2256
(2013).

6.

Turner, J. & Jones, C. E. Regulation of mucin expression in respiratory diseases.
Biochem Soc Trans 37, 877–881 (2009).

7.

Kim, Y. S. & Ho, S. B. Intestinal Goblet Cells and Mucins in Health and Disease: Recent
Insights and Progress. Curr. Gastroenterol. Rep. 12, 319–330 (2010).

8.

Chen, Y. et al. Genome-wide search and identification of a novel gel-forming mucin
MUC19/Muc19 in glandular tissues. Am. J. Respir. Cell Mol. Biol. 30, 155–65 (2004).

9.

Desseyn, J. L. & Laine, A. Characterization of mouse muc6 and evidence of conservation
of the gel-forming mucin gene cluster between human and mouse. Genomics 81, 433–
436 (2003).

10.

Valque, H., Gouyer, V., Husson, M. O., Gottrand, F. & Desseyn, J. L. Abnormal
expression of Muc5b in Cftr-null mice and in mammary tumors of MMTV-ras mice.
Histochem Cell Biol. 136, 699–708 (2011).

11.

Gouyer, V. et al. Delivery of a mucin domain enriched in cysteine residues strengthens
the intestinal mucous barrier. Sci. Rep 5, 9577 (2015).

12.

Caligioni, C. S. Assessing reproductive status/stages in mice. Curr. Protoc. Neurosci.
Appendix 4, Appendix 4I (2009).

13.

Del Moral, P. M. & Warburton, D. Explant culture of mouse embryonic whole lung, isolated
epithelium, or mesenchyme under chemically defined conditions as a system to evaluate
the molecular mechanism of branching morphogenesis and cellular differentiation.
Methods Mol. Biol. 633, 71–9 (2010).

14.

Schindelin, J. et al. Fiji: an open-source platform for biological-image analysis. Nat.
Methods 9, 676–82 (2012).

15.

Viera, A. J. & Garrett, J. M. Understanding interobserver agreement: the kappa statistic.
Fam. Med. 37, 360–3 (2005).
14

16.

Roy, M. G. et al. Mucin production during prenatal and postnatal murine lung
development. Am. J. Respir. Cell Mol. Biol. 44, 755–60 (2011).

17.

Gouyer, V. et al. The characterization of the first anti-mouse Muc6 antibody shows an
increased expression of the mucin in pancreatic tissue of Cftr-knockout mice. Histochem.
Cell Biol. 133, 517–25 (2010).

18.

Laoukili, J. et al. IL-13 alters mucociliary differentiation and ciliary beating of human
respiratory epithelial cells. J Clin Invest 108, 1817–1824 (2001).

19.

Tukler Henriksson, J., Coursey, T. G., Corry, D. B., De Paiva, C. S. & Pflugfelder, S. C. IL13 Stimulates Proliferation and Expression of Mucin and Immunomodulatory Genes in
Cultured Conjunctival Goblet Cells. Invest. Ophthalmol. Vis. Sci. 56, 4186–97 (2015).

20.

Gipson, I. K. Mucins of the human endocervix. Front. Biosci. 6, D1245-55 (2001).

21.

Gipson, I. K. et al. Mucin genes expressed by human female reproductive tract epithelia.
Biol. Reprod. 56, 999–1011 (1997).

22.

Critchfield, A. S. et al. Cervical mucus properties stratify risk for preterm birth. PLoS One
8, e69528 (2013).

23.

Racicot, K. et al. Viral infection of the pregnant cervix predisposes to ascending bacterial
infection. J. Immunol. 191, 934–41 (2013).

24.

Lieschke, G. J. & Currie, P. D. Animal models of human disease: zebrafish swim into
view. Nat. Rev. Genet. 8, 353–67 (2007).

25.

Jevtov, I., Samuelsson, T., Yao, G., Amsterdam, A. & Ribbeck, K. Zebrafish as a model to
study live mucus physiology. Sci. Rep. 4, 6653 (2014).

26.

Bai, J., Wang, J. T., Mei, K. C., Al-Jamal, W. T. & AL-Jamal, K. T. Real-time monitoring of
magnetic drug targeting using fibered confocal fluorescence microscopy. J. Control.
Release 244, 240–246 (2016).

27.

Li, Y. et al. Aberrant Mucin5B expression in lung adenocarcinomas detected by iTRAQ
labeling quantitative proteomics and immunohistochemistry. Clin. Proteomics 10, 15
(2013).

28.

Tetaert, D. et al. Dietary n-3 fatty acids have suppressive effects on mucin upregulation in
mice infected with Pseudomonas aeruginosa. Respir. Res. 11, 1–11 (2007).

29.

Seibold, M. A. et al. The idiopathic pulmonary fibrosis honeycomb cyst contains a
mucocilary pseudostratified epithelium. PLoS One 8, e58658 (2013).

30.

Peters-Hall, J. R. et al. Quantitative proteomics reveals an altered cystic fibrosis in vitro
bronchial epithelial secretome. Am. J. Respir. Cell Mol. Biol. 53, 22–32 (2015).

31.

Ehre, C., Ridley, C. & Thornton, D. J. Cystic fibrosis: an inherited disease affecting mucinproducing organs. Int. J. Biochem. Cell Biol. 52, 136–45 (2014).

15

32.

Kamio, K. et al. Promoter analysis and aberrant expression of the MUC5B gene in diffuse
panbronchiolitis. Am. J. Respir. Crit. Care Med. 171, 949–57 (2005).

33.

Audie, J. P. et al. Expression of human mucin genes in respiratory, digestive, and
reproductive tracts ascertained by in situ hybridization. J. Histochem. Cytochem. 41,
1479–85 (1993).

34.

Chen, Y., Zhao, Y. H. & Wu, R. In silico cloning of mouse Muc5b gene and upregulation of
its expression in mouse asthma model. Am. J. Respir. Cell Mol. Biol. 164, 1059–66
(2001).

35.

Lin, J. et al. Characterization of mucins in human middle ear and Eustachian tube. Am. J.
Physiol Lung Cell Mol.Physiol 280, L1157-67 (2001).

36.

Kim, D. H. et al. Up-regulation of MUC5AC and MUC5B mucin genes in chronic
rhinosinusitis. Arch. Otolaryngol. Head. Neck Surg. 130, 747–52 (2004).

37.

Peñia, M. T. et al. Localization and expression of MUC5B and MUC7 mucins in pediatric
sinus mucosa. Ann. Otol. Rhinol. Laryngol. 116, 389–97 (2007).

38.

Saieg A, Brown KJ, Pena MT, Rose MC, P. D. Proteomic analysis of pediatric sinonasal
secretions shows increased MUC5B mucin in CRS. Pediatr. Res. 77, 356–62 (2015).

39.

Ding, G. Q. & Zheng, C. Q. The expression of MUC5AC and MUC5B mucin genes in the
mucosa of chronic rhinosinusitis and nasal polyposis. Am. J. Rhinol. 21, 359–66 (2007).

40.

Lin L, Zhao X, Yan W, Guo Y, L. S. Amelioration of Muc5b mucin hypersecretion is
enhanced by IL-33 after 2-APB administration in a murine model of allergic rhinitis.
Biotech. Histochem. 89, 273–86 (2014).

41.

Choi, Y., Bae, C., Song, S. & Kim, Y. The effect of Epigallocatechin-3-gallate in allergic
airway inflammation. Rhinology 52, 406–12 (2014).

42.

Groneberg, D. A. et al. Distribution of respiratory mucin proteins in human nasal mucosa.
Laryngoscope 113, 520–4 (2003).

43.

Cayé-Thomasen, P., Hermansson, A., Tos, M. & Prellner, K. Increased secretory capacity
of the middle ear mucosa after acute otitis media caused by Haemophilus influenzae type
B. Otolaryngol. Head. Neck Surg. 117, 263–7 (1997).

44.

Preciado, D. et al. MUC5B Is the predominant mucin glycoprotein in chronic otitis media
fluid. Pediatr. Res. 68, 231–6 (2010).

45.

Hutton, D. A., Fogg, F. J., Kubba, H., Birchall, J. P. & Pearson, J. P. Heterogeneity in the
protein cores of mucins isolated from human middle ear effusions: evidence for
expression of different mucin gene products. Glycoconj. J. 15, 283–91 (1998).

46.

Lin, J. et al. Expression of mucins in mucoid otitis media. J. Assoc. Res. Otolaryngol. 4,
384–93 (2003).

16

47.

Floyd, A. M. et al. Mucin deficiency causes functional and structural changes of the ocular
surface. PLoS One 7, e50704 (2012).

48.

Sasaki, M., Ikeda, H. & Nakanuma, Y. Expression profiles of MUC mucins and trefoil
factor family (TFF) peptides in the intrahepatic biliary system: physiological distribution
and pathological significance. Prog. Histochem. Cytochem. 42, 61–110 (2007).

49.

Hebbar, V., Damera, G. & Sachdev, G. P. Differential expression of MUC genes in
endometrial and cervical tissues and tumors. BMC Cancer 5, 124 (2005).

50.

Sóñora, C. et al. Immunohistochemical analysis of MUC5B apomucin expression in breast
cancer and non-malignant breast tissues. J. Histochem. Cytochem. 54, 289–99 (2006).

51.

Perrais, M. et al. Aberrant expression of human mucin gene MUC5B in gastric carcinoma
and cancer cells. Identification and regulation of a distal promoter. J. Biol. Chem. 276,
15386–96 (2001).

52.

Kesimer, M. et al. Excess Secretion of Gel-Forming Mucins and Associated Innate
Defense Proteins with Defective Mucin Un-Packaging Underpin Gallbladder Mucocele
Formation in Dogs. PLoS One 10, e0138988 (2015).

53.

Habte, H. H., Mall, A. S., de Beer, C., Lotz, Z. E. & Kahn, D. The role of crude human
saliva and purified salivary MUC5B and MUC7 mucins in the inhibition of Human
Immunodeficiency Virus type 1 in an inhibition assay. Virol. J. 3, 99 (2006).

54.

Fields S, Song B, Rasoul B, Fong J, Works MG, Shew K, Yiu Y, Mirsalis J, D. A. New
candidate biomarkers in the female genital tract to evaluate microbicide toxicity. PLoS
One 9, e110980 (2014).

55.

Valque, H., Gouyer, V., Gottrand, F. & Desseyn, J. L. MUC5B leads to aggressive
behavior of breast cancer MCF7 cells. PLoS One 7, e46699 (2012).

17

FIGURE LEGENDS
Figure 1. Histological and fluorescence immunohistochemical images of mucosal tissues
producing Muc5b. (a) Schematic representation of the GFP-tagged Muc5b product. Muc5b
forms homopolymers through its amino- and carboxy-terminal regions. These two regions flank
the central region which carries many O-glycosylated chains. The central region contains also 10
copies of a CYS domain. The specific anti-Muc5b antibody is directed against a short peptide
found in CYS domains # 2, 3 and 5.10 (b) Tissues were embedded in paraffin and representative
images of n=3-5 adult mice/genotype (n=1 mouse/genotype for the nose) are shown. Periodic
acid–Schiff (PAS) or alcian blue (AB)–PAS staining of histological sections is shown. Anti-Muc5b
(green) and anti-GFP (green) antibodies show the same expression pattern in all studied tissues
(eustachian tube, bulla, trachea, nose, gallbladder, bronchia, cervix) with a stronger signal using
the anti-GFP antibody. No GFP was found in wild-type mice. B, bulla, black arrow heads outline
goblet cells, yellow arrow heads Muc5b material and white arrows Muc5b+ glands. Nuclei (blue)
were counterstained using Hoechst 33258. Lu, lumen; Cart, cartilage; re, respiratory epithelium;
oe, olfactory epithelium.

Figure 2. Fluorescent stereo– and endomicroscopy. (a) Schematic representation of the
tissues that are easily accessible and were studied in this report by probe-based confocal laser
endomicroscopy (pCLE). (b) Representative pictures of n=2-4 adult mice/genotype in bright field
mode and under GFP excitation by stereomicroscopy of fresh excised tissues from wild-type
(WT) and transgenic (Muc5bGFP/+) mice. (c) Representative single frame of live pCLE imaging
(Movies 1 to 3) from at least 10 adult mice/genotype for trachea and cervix and 1 adult
mouse/genotype for nasal cavity.

Figure 3. Live GFP activity in the cervix reflects the estrus phase. (a) Schematic
representation of the mouse cervix (Cx). The mouse uterus (Ut) comprises two horns. Va,
18

vagina. The blue rectangle indicates the area observed by immunofluorescence microscopy. (b)
Representative serial sections from 2 adult mice/genotype of the cervix in immunofluorescence
from wild-type (Muc5b+/+) and transgenic Muc5b-GFP (Muc5bGFP/+) mice using anti-Muc5b and
anti-GFP antibodies. Scale bar, 500 µm. (c) GFP activity was recorded by pCLE imaging and
one extracted frame from Movie 4 of each estrus phase is depicted here. Scale bar, 100µm. (d)
The stage of the estrus cycle in 28 transgenic mice was determined by common vaginal
secretion analysis as illustrated. (e) GFP intensity was scored from 1 (almost zero) to 4 (high
amount of green mucus) by three independent observers showing a perfect match between
green mucus production and the estrus cycle (two-sided Jonckheere-Terpstra test, P=0.015).
Medians are shown. N=6, 7, 12, 3 mice for pro-estrus, estrus, met-estrus and di-estrus,
respectively. (f) Representative single frame extracted from Movie 5 of the vagina from a wildtype (+/+) and a transgenic pregnant mouse Muc5bGFP/+ (ki/+).

Figure 4. GFP activity in the embryonic whole lung is stimulated by rIL13.
(a) Representative immunofluorescence staining of an embryonic lung on E12.5 shows similar
labeling of the lung bud (dotted line) with anti-Muc5b and anti-GFP antibodies (green). At least 5
pups/genotype were analyzed. Magnification X200. Nuclei (blue) were counterstained with
Hoechst 33258. (b) Scheme showing the schedule. (c) Relative area of embryonic whole lung
and relative fluorescent intensity of 10 explant cultures from 10 brother-sisters, five stimulated
with rIL13 (+rIL13) and five negative controls (–rIL13). Data were analyzed using the two-sided
Wilcoxon–Mann–Whitney test to compare the two groups. (d) Representative lung morphology
and GFP fluorescent activity of two whole embryonic lung explant cultures at days D0, D7, and
D11 without (–rIL13) or with (+rIL13) rlL13 in bright field and pseudo–16 colored images after
capture. Beginning at D4 (see panel c), lungs stimulated with rIL13 appeared larger and more
fluorescent than control lungs. Scale bar, 1mm. (e) Representative staining sections with antiGFP antibody (green) of embryonic lung explants after 8 days of culture without (–rIL13) or with
19

(+rIL13) rlL13. Nuclei (blue) were counterstained with Hoechst 33258. The dot line represents
the culture filter. White arrow heads show Muc5b production in small bronchi after IL13
stimulation. Tr, trachea; mBr, main bronchus; es, esophagus. Scale bar, 50 µm.
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Supplementary Data
Movie 1. Representative pCLE in the trachea. Autofluorecent structures (comma shape,
first second of movies), which are likely heavily keratinized papillae, are first observed when
applying the probe on the tongue of both wild-type (+/+) and Muc5bGFP/+ (ki/+) mice before the
probe reaches the pharynx and larynx where fluorescent mucus is observed as compact
small mucus plugs only for the Muc5bGFP/+ mouse. Going deeper, fluorescent mucus is
observed in trachea as thick and filamentous structures in the Muc5bGFP/+ mouse.

Movie 2. Representative pCLE in the nasal cavity. Fluorescent mucus threads and likely
Muc5b-positive mucus cells are observed only for the Muc5bGFP/+ (ki/+) mouse and not for the
wild-type (+/+) mouse. An autofluorescent hair is also visualized for the Muc5bGFP/+ mouse
(see Fig. 3c).

Movie 3. Representative pCLE in the cervix. Few autofluorescent particles and light green
background are observed for both wild-type (+/+) and Muc5bGFP/+ (ki/+) mice at the entrance
of the vagina. Afterwards, green dots and threads are visualized for the Muc5bGFP/+ mouse but
not the for the wild-type mouse.

Movie 4. Representative pCLE in the vagina of Muc5bGFP/+ mice depending on the estrus
phase. A thick fluorescent mucus sticking to the pCLE probe is observed in the vagina in
proestrus. In estrus and diestrus, the fluorescent mucus is far less abundant while only
autofluorescent particles can be visualized during the metestrus phase.
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Movie 5. Representative pCLE in the vagina of pregnant mice. A thick fluorescent mucus
sticking to the pCLE probe is observed during pregnancy for the Muc5bGFP/+ (ki/+) mouse but
not for the wild-type (+/+) mouse.
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