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Dickinson JD, Sweeter JM, Staab EB, Nelson AJ, Bailey KL,
Warren KJ, Jaramillo AM, Dickey BF, Poole JA. MyDS§8 controls
airway epithelial Muc5Sac expression during TLR activation condi-
tions from agricultural organic dust exposure. Am J Physiol Lung Cell
Mol Physiol 316: L334-1.347, 2019. First published October 25,
2018; doi:10.1152/ajplung.00206.2018.—Inflammation from airborne
microbes can overwhelm compensatory mucociliary clearance mech-
anisms, leading to mucous cell metaplasia. Toll-like receptor (TLR)
activation via myeloid differentiation factor 88 (MyD88) signaling is
central to pathogen responses. We have previously shown that agri-
cultural organic dust extract (ODE), with abundant microbial compo-
nent diversity, activates TLR-induced airway inflammation. With the
use of an established model, C57BL/6J wild-type (WT) and global
MyD88 knockout (KO) mice were treated with intranasal inhalation
of ODE or saline, daily for 1 wk. ODE primarily increased mucin
(Muc)5ac levels relative to Muc5b. Compared with ODE-challenged
WT mice, ODE-challenged, MyD88-deficient mice demonstrated sig-
nificantly increased MucSac immunostaining, protein levels by im-
munoblot, and expression by quantitative PCR. The enhanced Muc5ac
levels in MyD88-deficient mice were not explained by differences in
the differentiation program of airway secretory cells in naive mice.
Increased Muc5ac levels in MyD88-deficient mice were also not
explained by augmented inflammation, IL-17A, or neutrophil elastase
levels. Furthermore, the enhanced airway mucins in the MyD8§8-
deficient mice were not due to defective secretion, as the mucin
secretory capacity of MyD88-KO mice remained intact. Finally,
ODE-induced Muc5ac levels were enhanced in MyD88-deficient
airway epithelial cells in vitro. In conclusion, MyD88 deficiency
enhances airway mucous cell metaplasia under environments with
high TLR activation.
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INTRODUCTION

Mucin overproduction and secretion are hallmark character-
istics of chronic inflammatory airway diseases, including
asthma, chronic bronchitis, and chronic obstructive lung dis-
ease. Occupational organic dust exposure in agricultural envi-
ronments can lead to these diseases, with increases noted in
neutrophil influx, inflammatory cytokine release, airway hyper-
responsiveness, and lung function loss over time (15, 45, 46).
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The prominent reported respiratory symptoms of organic dust-
exposed persons include chronic cough and sputum production
(27, 29, 46). Increased production of respiratory mucins con-
tributes to airway obstruction and decline of lung function in
chronic inflammatory airway diseases, including asthma and
chronic obstructive lung disease (17, 25).

The barrier epithelium of the airway is lined with ciliated and
secretory cells that combine to sweep the airway via coordinated
mucociliary clearance. Mucin glycoproteins are organized in
granules at the trans-Golgi and are transported to the apical
surface where secretion is regulated independently of production
(43). Baseline mucin secretion dominates normal airway physiol-
ogy, interspersed with agonist-stimulated mucin secretion that is
predominately triggered by extracellular triphosphate nucleotides,
such as ATP (9, 17, 34). The two principle gel-forming mucins
secreted in the airway are mucin (Muc)5ac and Muc5b. In the
mouse, airway secretory cells predominately produce secretoglo-
bin lal (Scgblal), in addition to Muc5b at baseline. During
inflammation, the secretory cells assume a goblet cell phenotype,
and the dominant mucin produced from airway epithelial cells is
Muc5ac (18). Muc5b is produced constitutively and is primarily
responsive for mucociliary clearance and is less responsive to
inflammatory signals. In particular, loss of Muc5b leads to re-
duced innate immunity and spontaneous airway infection (44). In
human allergy and allergic mouse models, which are driven by T
helper type 2 (Th2) and eosinophilic inflammatory responses (33),
Muc5ac overproduction is dependent on the IL-13/IL-4 receptor o
complex and the EGF receptor (EGFR) (17). Various stimuli,
including cigarette smoke, allergens, viruses, bacterial and fungal
products, and proinflammatory cytokines, can induce mucin ex-
pression and secretion (1, 18, 28, 36). Bacteria infection models
activate both Muc5ac and Muc5b (49).

Compared with the gastrointestinal tract, less is known about
the potential impact of innate immunity and Toll-like receptor
(TLR) signaling on airway epithelial cell mucin production.
Recent studies with gut epithelial cells demonstrated a role for
adaptor protein myeloid differentiation factor 88 (MyD88) in
the regulation of epithelial responses to bacterial products.
Targeted deletion of MyD88 in the gut epithelium led to loss of
epithelial integrity, reduced colonic Muc2 expression, and
increased bacteria in the adherent inner-mucus layers (21).
Moreover, MyD88-dependent signaling through TLR2/1,
TLR4, and TLRS recognition by microbial motifs was recently
demonstrated to mediate the Muc2 section by sentinel goblet
cells in the colon of mice (4). Thus MyD88 signaling may play
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a role in the regulation of secretory cells in the airway in
response to bacterial ligands.

Based on these collective studies, we hypothesized that the
use of a swine confinement facility organic dust extract (ODE),
rich in diverse, microbial TLR-activating motifs, would in-
crease airway mucus production and secretion and that this
response would be dependent on MyDg88. Our findings dem-
onstrate that MyD88 deficiency leads to upregulation of mucus
production, providing a layer of control in conditions of broad
TLR activation. This suggests that MyD88 negatively regulates
mucous cell metaplasia during microbial-mediated airway in-
flammation. Unlike the gut, we do not find a role for MyD88
in directly mediating mucus secretion in the airways.

METHODS

Animals. CS7TBL/6J wild-type (WT) mice were purchased from The
Jackson Laboratory (Bar Harbor, ME). Mice with global MyD88 gene
interruption on the same C57BL/6J background were provided by S.
Akira (Osaka University, Osaka, Japan). Confirmation of the MyD88
knockout (KO) genotype was independently assured by Transnetyx
genotyping services (data not shown; Cordova, TN). Male and female
mice were used between 10 and 12 wk of age for all experimental
studies. Food and water were provided ad libitum. All animal proce-
dures were approved by the Institutional Animal Care and Use
Committee of the University of Nebraska Medical Center or the MD
Anderson Cancer Center and were conducted in accordance with the
U.S. National Institutes of Health guidelines for the use of rodents.

Organic dust extract. Aqueous ODE was prepared from settled
surface dust collected from horizontal surfaces (3 ft above floor) of swine
confinement feeding operations, and extracts were batch prepared, as
previously described (41). Briefly, dust (1 g) was dissolved into Hanks’
balanced salt solution (10 ml; Sigma, St. Louis, MO), incubated at room
temperature for 1 h, and centrifuged for 20 min at 2,000 g, and the final
supernatant was filter sterilized (0.22 wm), a process that also removes
coarse particles. Stock ODE was batch prepared and diluted to a final
concentration of 5% (vol/vol) and 12.5% (vol/vol) in sterile PBS (pH 7.4;
diluent) for cell-culture and animal studies, respectively. The 12.5% ODE
has been previously shown to elicit optimal lung inflammation in mice
and is well tolerated (41). A 12.5% ODE extract contained 3—4 mg/ml
total protein, as measured by NanoDrop spectrophotometry (NanoDrop
Technologies, Wilmington, DE), and endotoxin levels ranged from 22.1
to 91.1 EU/ml, as assayed using the limulus amebocyte lysate assay,
according to the manufacturer’s instruction (Sigma). Muramic acid lev-
els, a chemical marker of bacterial cell-wall peptidoglycans, were ~400
pmol/mg, as previously determined by mass spectrometry (38). Concen-
trations of fungal components, as previously determined by mass spec-
troscopy, were low and similar to that found in domestic homes (38). The
5% ODE concentration was selected for in vitro work to minimize
nonspecific cell toxicity, while maximizing signaling, leading to mucous
cell metaplasia. A 5% ODE equates to 8.8—36.4 EU/ml endotoxin. This
concentration is also consistent with our previously published work in
epithelial cells, whereby the 5% ODE concentration induces inflamma-
tion in vitro (42, 52, 54). Prior work using shotgun metagenomics
analysis of DNA pyrosequencing techniques demonstrated an abundant
and wide diversity of gram-positive and -negative bacteria in the organic
dust (5).

Murine model of exposure to ODE, ATP, ovalbumin, and Pam2-ODN.
Mice were lightly anesthetized by isoflurane inhalation before intranasal
inhalation of 50 l sterile saline or 12.5% ODE, daily for 3 days, 1 wk
(eight challenges), or 3 wk (15 challenges), per the established protocol
(41). Animals were euthanized 5 h following final exposure for experi-
mental end points. To assess the role of MyD88 in the secretory response
of intracellular mucins to ATP, a subset of WT and MyD88-KO mice
was placed in a plexiglass chamber and exposed to nebulized ATP (100
mM diluted in sterile water), 30—60 min before the animal was eutha-
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nized, as previously described (37). To test further the role of MyDS88 in
mucin secretory responses, mucous metaplasia was first induced by
intraperitoneal immunization with ovalbumin (OVA) and aerosol expo-
sure to OVA, as described (19). A subset of mice was exposed to
nebulized oligodeoxynucleotide M362 (ODN) and Pam2CSK [Pam2
(Pam2-ODN); InvivoGen, San Diego, CA], as described (8), 30—60 min
before euthanasia.

Bronchoalveolar lavage fluid studies. Bronchoalveolar lavage fluid
(BALF) was collected using 3 X 1 ml instillations of PBS. From
cell-free supernatant of the first lavage, cytokines implicated in the
regulation of mucin production, including IL-17A, IL-13, and IL-33,
were quantitated by ELISA (eBioscience through Thermo Fisher
Scientific, Waltham, MA) with a lower limit of detections of 4, 4, and
33 pg/ml, respectively. Neutrophil elastase from the first lavage
fraction was also quantitated by ELISA (R&D Systems, Minneapolis,
MN), with a lower limit of detection of 12.5 ng/ml. After the three
lavages were pooled, the total number of cells per mouse was
enumerated and differential cell counts performed using cytospin-
prepared slides (Cytopro Cytocentrifuge; Wescor, Logan, UT),
stained with DiffQuick (Siemens, Newark, DE).

Mouse and human tracheal epithelial cell culture. Mouse tracheal
epithelial cells (mTECs) were isolated after pronase digestion of
mouse tracheas and grown on supported membrane inserts, as previ-
ously described (10, 11). Nondiseased human tracheobronchial epi-
thelial cells (hTECs) were derived for culture from excess trachea
tissue, donated for lung transplantation. After 5-7 days, air-liquid
interface (ALI) conditions were established, and cells were fed with
PneumaCult ALI media (Catalog No. 05001; StemCell Technologies,
Cambridge, MA). After 18-21 days in ALI conditions, media = 5%
ODE was added to the basolateral compartment for 5 days for mTEC
and 7 days for hTEC in vitro experiments.

Immunostaining and microscopy of mouse lungs. After euthanasia,
the right heart was cannulated, and sterile PBS with heparin sulfate (0.67
U/ml) was infused to remove blood from the pulmonary vasculature. The
whole lungs were then excised and slowly inflated with 10% formalin
and hung under 20 cm H,O pressure for 24 h. Fixed lung tissue was
embedded in paraffin, and 5 wm lung sections were cut. Mucous cells
were detected by staining either with periodic acid Schiff (PAS) or
fluorescent PAS (19). Antibody- and lectin-specific staining was per-
formed on embedded lung-tissue slides, as previously described (11).
Lectin [Ulex europaeus agglutinin I (UEA-1)] specifically recognizes
fucosylated-containing glycans that are upregulated in Muc5ac mucins
(37, 43). Mucin-detection methods in mouse lungs included lectin UEA-1
for MucSac conjugated with fluorophore 555 nm (1:500 vol/vol dilution)
and mouse anti-Muc5b (3E1) antibody (1:250 vol/vol dilution) (37, 43).
Staining for Scgblal, also termed club cell secretory protein, was done
with a rabbit polyclonal antibody (No. WRAB-3950; Seven Hills Biore-
agents, Cincinnati, OH). Fluorophore-labeled donkey secondary species-
specific antibodies were Alexa Fluor 488 or 555 (Nos. A-31570, A21202,
A21206, and A31572; Thermo Fisher Scientific). To counterstain nuclei
and quantify the number of cells per airway, DNA, with 4 ,6-diamidino-
2-phenylindole (DAPI), was included in Vectashield mounting medium
(H-1200; Vector Laboratories, Burlingame, CA). Images were obtained
using a Zeiss Axio Observer Z.1 microscope and analyzed by Zen
software (Zeiss, Thornwood, NY). Intracellular mucin was assessed by
morphometric analysis using ImageJ software and quantified from im-
ages of multiple fields at X20 magnification, as previously described
(10). Briefly, with the use of a common signal threshold among all
images, monochromatic images were used to measure individual mucin-
staining area per secretory cell, as well as number of mucin-positive
secretory cells per DAPI, plus cells from a given airway. Values less than
this threshold were recorded at a value of zero.

In vitro mTEC/hTEC staining was performed in both cross-sections
of paraffin-embedded formalin inserts and fixed whole membranes.
First, mTECs were embedded in warmed, 37°C, 1% agarose. After
being cooled, the inserts were fixed with 10% formalin and embed-
ding in paraffin. Cross-sections from the inserts were then cut and
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fixed on slides for immunostaining, as previously described (11). With
the use of the same antigen retrieval and blocking method described
above for lung slides, mTECs were stained with (1:100 vol/vol
dilution) rabbit polyclonal antibody to MyD88 (ab135693; Abcam,
Cambridge, MA) or UEA-1. Nonembedded membranes with mTEC/
hTEC inserts were fixed with 4% paraformaldehyde for 15 min,
followed by three, 5-min PBS washes. Cells were blocked by a
solution with 5% donkey serum (D9663; Sigma) and 0.1% BSA in
PBS with 0.1% Triton X-100 (BP151; Thermo Fisher Scientific).
mTEC staining was then performed with lectin UEA-1 conjugated
with fluorophore 555 nm for MucSac (1:500 vol/vol dilution) or
mouse Muc5b MAb (37, 43) hTEC staining was performed with
mouse MAD (45M1 epitope) for MucSac, as previously described (10,
11), or the mouse Muc5Sb MADb. Nuclear counterstaining was per-
formed with DNA with DAPI. Mucin-staining area and number of
positive cells per total cell number were quantified by Imagel, as
described above and previously (10).

Mucin immunoblots. Total mucin content from lungs was performed,
as previously described (37). In brief, after excision, lungs were snap
frozen in liquid nitrogen. Lungs were then homogenized in guanidium
chloride buffer (pH 8.0) containing 6 M guanidium chloride, 0.1 M
Tris-HCI, 5 mM ethylenediamine tetraacetic acid, and protease inhibitors
(Roche, Mannheim, Germany), using a gentleMACS dissociator (Milte-
nyi Biotec, Bergisch Gladbach, Germany). Subsequently, the lysates
were centrifuged for 30 min at 16,000 rpm at 4°C. Lung homogenate
supernatants were then dialyzed against 6 M urea buffer (6 M urea, 0.1
M Tris-HCI, 5 mM EDTA, pH 8.0) using Slide-A-Lyzer MINI Dialysis,
Units 2-10 K, molecular-weight cut-off (Thermo Fisher Scientific) for 16
h at 4°C. After dialysis, 14 U DNAse 1 was added to 50 g sample and
incubated at 37°C for 15 min. Loading buffer (10X buffer: 25 mg
bromophenol blue, 1% wt/vol SDS, 50% vol/vol glycerol, and 50%
vol/vol 6 M urea buffer), containing 5 mM DTT for Muc5b detection or
no DTT for Muc5ac by UEA-1 detection, was added with water. Samples
were denatured for 10 min at 95°C, and lysates were loaded on a 1%
agarose gel, along with Precision Plus Protein dual-color standards
(Bio-Rad, Hercules, CA), and run at 120 mV for 2 h at room temperature
using SDS gel electrophoresis buffer. The gel was rinsed with water, then
incubated in 10 mM DTT in saline sodium citrate (SCC) buffer (3.0 M
sodium chloride, 0.3 M sodium citrate, pH 7.0) at room temperature for
20 min, and then rinsed in water for Muc5b detection. Gels with Muc5ac
by UEA-1 detection were rinsed with SCC buffer without DTT and
proceeded directly to transfer. The protein was then transferred onto a
nitrocellulose membrane (Bio-Rad) using a vacuum blotter (model 785;
Bio-Rad). During transfer, the gel was covered in SCC buffer for 2 h at
10 mmHg constant pressure at room temperature. The blot was collected
into PBS and stained with REVERT total protein stain with conjugated
700 nm fluorochrome (LI-COR, Lincoln, NE) for 5 min. Blots were
rinsed with deionized H,O and imaged wet using an Odyssey CLx
Imager (LI-COR) for total protein detection. Blots were rinsed with PBS
and blocked using blocking buffer (PBS with 5% nonfat milk) for 1 h at
room temperature and then incubated with mouse MAb for Muc5b
(1:1,000 vol/vol) or lectin UEA-1 L8146 1 mg/ml (1:1,000 vol/vol;
Sigma) overnight at 4°C. For the detection of Muc5b, the membranes
were washed with PBS for 5 min, three times. IRDye 800CW goat
anti-mouse (LI-COR) at a 1:10,000 dilution for Muc5b or rabbit anti-
lectin UEA-1 (U4754; Sigma) at a 1:1,000 dilution in blocking buffer for
Muc5ac was added to the mucin blot and incubated at room temperature
for 1 h with constant rocking. Muc5b membranes were washed with PBS
for 5 min, three times, and then imaged wet using an Odyssey CLx
Imager. IRDye 800CW goat anti-rabbit (LI-COR) at a 1:10,000 dilution
in blocking buffer was added to the Muc5ac blot and incubated at room
temperature for 1 h with constant rocking. MucSac membranes were
washed and imaged as above. Mucin blots were quantified by the
determination of the mucin signal in the 700-nm channel, and the division
of the total protein signal with an 800-nm signal in each lane using the
Odyssey CLx Imager (LI-COR) was previously described (30).
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Quantitative PCR. RNA was isolated from lung tissue using the
RNeasy Spin column kit (No. 75144; Qiagen, Germantown, MD) and
then reverse transcribed using the cDNA RT Kit (No. 4308228;
Thermo Fisher Scientific). cDNAs were amplified using Fast SYBR
Green Master Mix (330511; Qiagen) in a Lightcycler 480 (Roche).
Sequence-specific primers for mouse MucSac, Muc5b, Scgblal, and
forkhead box jl (Foxjl) and human MUC5AC and MUC5B were
used (Table 1). Gene expression was reported as fold change over the
WT-saline condition, normalized to GAPDH in mouse lung tissues,
and calculated using the double-delta comparative threshold cycle
method, as previously described (10, 11).

Statistical methods. Data are presented as means and SE. To detect
significant changes among groups, a one-way ANOVA was used, and
a nonparametric Mann-Whitney test was performed to determine the
difference between groups if the ANOVA P values were <0.05.
Mann-Whitney was performed for comparison of two groups. Prism
software (version 7.0c; GraphPad Software, La Jolla, CA) was used.
Significance was accepted at values <0.05.

RESULTS

MyD88-deficient mice have enhanced ODE-induced mucous
cell metaplasia. Agricultural-derived ODE consists of a com-
plex mixture of bacterial components and other organic mate-
rials known to activate TLR2, -4, and -9 in the lungs (3, 38,
40). To assess the role of MyD88 in the regulation of mucus in
the airway epithelium following broad TLR activation with
ODE, mouse lung airways were stained with PAS. To deter-
mine the optimal time point for the examination of mucous cell
metaplasia following ODE airway inflammation, a time course
experiment was performed with 3-day (three airway chal-
lenges), 1-wk (eight airway challenges), and 3-wk (15 airway
challenges) ODE intranasal challenges. We found that there
were only rare PAS-positive cells concentrated in the proximal
bronchi of mice challenged with saline. The number of PAS-
positive cells increased in a time-dependent fashion at 3 days,
1 wk, and 3 wk of daily ODE challenges (Fig. 1, A-D). These
were located mainly in the primary bronchi. The MyD88-
deficient mice had significantly increased PAS-positive cells,
extending from the tracheal bifurcation down to the subseg-
mental airways (Fig. 1, A-D) at all time points. Despite the
increased number of PAS-positive cells in the airways, there

Table 1. Sequence-specific primers for mouse Muc5ac, Muc5b,
Scgblal, and Foxjl and human MUC5AC and MUCS5B

Target Gene Forward and Reverse Sequence

Human MUCS5AC 5'-AGGCCAGCTACCGGGCCGGCCAGACCA-3’
: 5'-GTCCCCGTACACGGCGCAGGTGGCCAG-3'
Human MUC5B 5'-GCTGCTGCTACTCCTGTGAGG-3’
5'-AGGTGATGTTGACCTCGGTCTC-3'
Human OAZ1 5'-GAGGGGAGCAAGGACAGC-3'
5'-GGTTCTTGTGGAAGCAAATGA-3'
Mouse Foxjl 5'-CACGGACAACTTCTGCTACTTCC-3’

5'-AGGACAGGTTGTGGCGGAT-3’
5'-TGTGTCCGTCGTGGATCTGA-3’
5'-CCTGCTTCACCACCTTCTTGAT-3’
5'-TACCACTCCCTGCTTCTGCAGCGTGTCA-3’
5'-ATAGTAACAGTGGCCATCAAGGTCTGTCT-3'
5'-AGGAAGACCAGTGTGTTTGTC-3’

1 5'-GTCCTCATTGAAGAAGGGCTG-3'

1 5'-TGCTGCAGCTCAGCTTCTTCGG-3’

1 5'-GCCAGGGTTGAAAGGCTTCAGGG-3'

Mouse Gapdh
Mouse MucSac
Mouse Muc5b

Mouse Scgblal

FTARTIATRTIRTIFTRTAD

F, forward; Foxj1, forkhead box j1; MUC5AC/MUCSB, mucin 5SAC/B; OAZ1,
ornithine decarboxylase antizyme 1; R, reverse; Scgblal, secretoglobin 1al.
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Fig. 1. Myeloid differentiation factor 88 (MyD88)-deficient mice have reduced lung inflammation and increased airway periodic acid Schiff (PAS) staining
following organic dust extract (ODE)-mediated inflammation. Mice were challenged with either intranasal saline for 3 days or intranasal 12.5% ODE for 3 days,
1 wk (8 airway challenges), or 3 wk (15 airway challenges; A—D). The day of the last challenge, mouse lungs were fixed with formalin and stained by PAS. Insets:
low-power images were shown with higher magnification images. Arrows indicate PAS-positive cells. Yellow asterisks indicate regions of inflammatory cell
infiltrate. Original scale bar, 100 pm for low-power images and 20 pwm for high-magnification insets. E: quantification of percent PAS-positive cells per airway
for each group (n = 1 for saline mice, and n = 2 mice for ODE-challenged groups, with 10—13 airways per mouse). **P < 0.05, significant difference between

wild-type (WT) and MyD88 knockout (KO) mice.

were relatively fewer and smaller regions of inflammatory cells
in the lungs in the MyD88-deficient mice following ODE
exposure. The greatest difference in PAS staining between WT
and MyD88-deficient mice occurred at the 1-wk time point
(Fig. 1E). Therefore, this time period was chosen for future
experiments to balance mucous cell metaplasia without exces-

sive inflammation seen in the 3-wk model. We next sought to
characterize ODE-mediated inflammation.

ODE-induced neutrophil influx, neutrophil elastase release,
and IL-17 are dependent on MyD88. MyD88 regulates inflam-
matory neutrophil chemotactin and proinflammatory responses
following TLR activation, which may, in turn, be responsible
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for the observed changes in PAS staining. To characterize the
type of ODE inflammation in the context of mouse airway
mucous cell metaplasia, we next examined inflammatory cells
in ODE-challenged WT and MyD88-KO mice. Consistent with
previous studies on neutrophil chemotactins (3, 24), total cell
count and neutrophil influx were significantly reduced in ODE-
challenged MyD88-KO mice compared with ODE-challenged
WT mice (Fig. 2A). There was also a decrease in ODE-induced
Iymphocyte influx in MyD88-KO mice compared with WT. No
significant levels of eosinophils were detected. Neutrophil
elastase and IL-17A are well-recognized activators of airway
mucous cell metaplasia during neutrophil-mediated inflamma-
tory disease (22, 51). ODE-induced neutrophil elastase levels
were significantly reduced in MyD88-KO mice compared with
WT mice (Fig. 2B). Cytokines involved in mucin expression,
including IL-17A, IL-13, and IL-33, were also investigated.
ODE-induced IL-17A release in the BALF was significantly
reduced in MyD88-KO mice compared with WT (Fig. 2C).
Levels of IL-13 and IL-33 were nominally increased (3-5
pg/ml) with ODE in both WT and MyD88-KO mice (Fig. 2D).
In comparison, we previously found an ~1,500 pg/ml IL-13
after OVA stimulation in Balb/c mice (10, 11). Thus the

ORGANIC DUST AIRWAY MUCIN REGULATED BY MyD88

increase in PAS staining in the MyD88-KO mice (Fig. 1) is not
driven by Th2 cytokines and cannot be explained by aug-
mented neutrophil- or cytokine-mediated inflammation. We
next sought to identify the specific mucin response to ODE-
mediated airway inflammation.

MyDS88-deficient mice have enhanced ODE-induced MucSac
levels. Muc5ac and Muc5b are gel-forming secretory mucins
that are produced and secreted from airway epithelial cells. We
examined airway mucin staining in WT and MyD88-KO mice
by affinity fluorescence. Lectin UEA-1 marks fuctose carbo-
hydrate residues that are highly specific to Muc5ac (7, 37) and
was used to assess Muc5ac levels in mouse airways by immu-
nofluorescence. Under inflammatory conditions, secretory cells
transition to mucus-producing cells (19). Consistent with prior
reports (55), we found Scgblal within apical granules that also
contained mucin costaining with Muc5b monoclonal and
UEA-1 lectin. These Scgblal-positive granules were enlarged
and apically concentrated following ODE-induced inflamma-
tion (data not shown). We found a modest increase in the
Muc5ac-staining area and the number of Muc5ac positive per
airway (metaplasia) in WT mice exposed to ODE (Fig. 3, A and
(). However, Muc5ac staining was significantly enhanced in
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Fig. 2. Organic dust extract (ODE)-induced neutrophil and lymphocyte influx, neutrophil elastase, and IL-17A levels are reduced in myeloid differentiation factor
88 (MyD88) knockout (KO) animals. C57BL/6 MyD88 wild-type (WT) and KO mice were treated with intranasal inhalation of saline or ODE daily for 1 wk,
and bronchoalveolar lavage fluid (BALF) was collected 5 h after final treatment. Graphs depict mean value and SE of total cells and cell differential (A). B:
neutrophil elastase levels were quantified in BALF. IL-17A (C) and IL-13 and IL-33 (D) levels were quantified by ELISA from cell-free BALF (n = 8 mice
per group). *P < 0.05, significant difference between ODE and saline. **P < 0.05 between WT and MyD88-KO mice.
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Fig. 3. Myeloid differentiation factor 88 (MyD88)-deficient mice have increased mucin levels with organic dust extract (ODE)-mediated inflammation. C57BL/6
wild-type (WT) or MyD88 knockout (KO) mice received intranasal saline or ODE 12.5% daily for 1 wk. Representative images from immunostaining of lung tissues
for mucin (Muc)5ac [Ulex europaeus agglutinin I (UEA-1) lectin; A] and Muc5b (B) are shown (original scale bars, 20 wm). Bar graphs depict mean value of MucSac
(C)- and Muc5b (D)-staining area per mucous cell and number of positive MucSac/Muc5b cells per airway with SE bars (n = 7 mice per ODE condition, and n = 5
mice per saline condition, with 8—12 airway images per mouse). Representative immunoblotting for UEA-1 (Muc5ac; E) or Muc5b (F), with corresponding
quantification of band densitometry from whole-lung lysate homogenates (n = 8—9 mice/group). Dashed boxes indicate area of quantification. *P < 0.05, significant
difference between ODE and saline. **P < 0.05, significant difference between WT and MyD88-KO animals. DAPI, 4’ ,6-diamidino-2-phenylindole.

ODE-challenged, MyD88-deficient mice compared with ODE-
challenged WT mice. In addition, MyD88-deficient mice had
increased Muc5b staining compared with the ODE-challenged
WT mice (Fig. 3, B and D). The increased staining of these
mucins in the airway epithelium of ODE-challenged
MyD88-KO mice was confirmed by immunoblot analysis in
whole-lung homogenates (Fig. 3, E and F). Not unexpectedly,
there was little detectable MucSac using lectin UEA-1 by
immunoblot in saline control mice of either WT or MyD88-KO
groups, due to few numbers of MucSac-positive cells in saline-
challenged airways. Collectively, these studies demonstrate
that ODE challenge increases Muc5ac compared with saline.

Notably, MyD88-deficient mice had increased levels of
Muc5ac, and to a lesser extent, Muc5b with ODE mediated
airway inflammation compared with WT mice. To confirm
enhanced airway mucin levels, we next evaluated gene expres-
sion from lung homogenates.

MyD88-deficient mouse lungs have increased MucSac ex-
pression in response to ODE-induced inflammation. Intracellu-
lar mucin staining content in the airway is dependent on ongoing
mucin production, storage of granules, and secretion (43). To
assess the relative level of control of mucin production by MyD88
as an explanation of the observed staining patterns, we next
investigated mRNA levels by quantitative PCR (qPCR) from
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lung-tissue homogenates. ODE-treated WT mice demonstrate a
modest four- to fivefold increase in Muc5ac gene expression (Fig.
4A) compared with saline control mice. As with protein levels,
there was significant augmentation of Muc5ac gene expression in
the ODE-challenged, MyD88-deficient mice compared with WT
ODE-challenged mice. Muc5b expression did not change with
ODE challenge in WT mice compared with saline controls, and
there was only a nonsignificant trend toward higher amounts of
Muc5b expression in the ODE-challenged, MyD88-deficient mice
compared with WT ODE-challenged mice (Fig. 4B). The ob-
served differences in MyD88-dependent Muc5ac transcripts may
reflect fundamental changes to the epithelial differentiation pro-
gram, resulting in an increased number of secretory cells at
baseline. Therefore, we assessed Scgblal expression as a marker
of mouse secretory cells and Foxjl expression as a marker of
ciliated cells in whole-lung preparations from naive WT and
MyD88-KO mice (Fig. 4, C—E). There was no difference in gene
expression of these differentiation markers (n = 4 mice per
group), consistent with previous findings in isolated mouse airway

A
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epithelial cells (26). These findings suggest that MyD88 nega-
tively regulates the transcription program of Muc5ac in existing
secretory cells and that the accumulation of mucins in the airways
in ODE-challenged MyD88-KO mice is explained by increased
production during broad TLR-activating conditions.
MyD88-deficient mice secrete mucin normally in response to
ATP stimulation, and WT mice fail to secrete mucin in re-
sponse to ligands upstream of MyD88. It was recently found
that MyD88 mediates secretion of Muc2 in sentinel goblet
cells of the intestinal crypt (4). Therefore, we explored the
role of MyD88 on mucin secretion in two contexts: first, we
measured the response to ATP in MyD88-deficient mice.
Second, we measured the effect on secretion of MyD88-
dependent TLR agonists in WT mice. The airway mucins,
MucSac and Muc5b, undergo ATP-stimulated secretion
through P2Y, purinergic receptors on the apical epithelial
surface to signal intracellular calcium influx and induce
mucin granule exocytosis (34, 55). WT and MyD88-KO
mice, challenged with ODE daily for 1 wk, received nebu-
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Fig. 4. Myeloid differentiation factor 88 (MyD88)-deficient
mice have enhanced organic dust extract (ODE)-mediated mu-
cin (Muc)5ac expression. Wild-type (WT) and MyD88 knock-
out (KO) mice were treated with intranasal inhalation of saline
or ODE for 1 wk, whereupon lung homogenates were collected.
Bar graphs depict mean value and SE for Muc5ac (A) and
Muc5b (B) mRNA expression, as measured by quantitative
PCR (qPCR). Mucin expression was normalized to GAPDH
and reported as fold change relative to mean WT saline condi-
tion (n = 12-14 mice per group from 6 separate experiments).
C and D: secretoglobin lal (Scgblal) and forkhead box jl
(Foxjl) expression in lung homogenates was measured by
qPCR from naive WT and MyD88-KO mice not challenged
with either saline or ODE (n = 4 mice per group). E: repre-
sentative images of naive WT and MyD88-KO mouse airways
with o-tubulin for cilia and Scgblal immunostaining. Original
scale bar, 50 pm. *P < 0.05, significant difference between ODE
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lized ATP, 30-60 min before euthanasia. We then assessed positive cells. We found the expected decrease in Muc5ac
differences in levels of pre- and post-ATP intracellular and Muc5b staining after ATP treatment in both WT and
mucin staining between ODE-treated WT and MyD88-KO MyD88-KO mice (Fig. 5, A-D). These studies demonstrate
mice in terms of mucin-staining area and number of mucin- that the ATP responses required for activated mucin secre-
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Fig. 5. Myeloid differentiation factor 88 (MyD88) is not required for ATP-activated mucin secretion in vivo. Representative images of mucin (Muc)5ac detected
by fluorescent-labeled Ulex europaeus agglutinin I lectin (A) and Muc5b with mouse MAb (B) in organic dust extract (ODE)-challenged wild-type (WT) and
MyD88 knockout (KO) mouse airways. Botfom: representative images of mucin staining, followed by ATP in vivo stimulation. 7op: images of staining without ATP
(no ATP). Bar graphs depict mean value and SE of Muc5ac (C)- and Muc5b (D)-staining area and number of positive mucous cells per airway, with and without ATP
stimulation. Values for no ATP are taken from Fig. 2 quantification (n = 5 mice per condition; 8—12 images per mouse). Original scale bars, 50 pm. *P < 0.05,
significant difference between ODE and saline challenges. E: mucous metaplasia was induced by intraperitoneal immunization to ovalbumin (OVA), followed by aerosol
exposure to OVA. Mice were then exposed to aerosolized ATP or Pam2CSK (Pam?2)-oligodeoxynucleotide M362 (ODN) to induce mucin secretion, then mice were
euthanized after 30—60 min, and excised lungs were stained with fluorescent periodic acid Schiff to examine intracellular mucin content. Representative images are
shown of mice with OVA-induced mucous metaplasia but not challenged with an aerosolized secretagogue (leff), challenged with ATP (middle), or challenged with
Pam2-ODN (right). F: bar graphs depict mean values and SE. DAPI, 4’,6-diamidino-2-phenylindole.
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tion are intact in MyD88-deficient mice and did not account
for the observed intracellular mucin increases. We then used
a combination of TLR agonists, Pam2-ODN (8), which
powerfully activates airway epithelial cells in a MyD88-
dependent manner, to test whether stimulated mucin secre-
tion could occur by MyD88 signaling. We found no induc-
tion of stimulated mucin secretion after a single Pam?2-
ODN-nebulized application (Fig. 5, E and F). These findings
indicate that in the mouse airway, MyD88 does not mediate
stimulated mucin secretion.

MyDS8S8 deficiency has no effect on MucSac levels during
Th2-mediated inflammation. We next addressed whether global
MyD88 deficiency affected mucous cell metaplasia during Th2
inflammation. WT and MyD88-deficient mice were sensitized
and challenged with OVA. As expected, OVA challenge in-
duced massive amounts of Muc5ac. We found, however, no
significant difference in Muc5ac by mRNA expression or total
protein levels using UEA-1 immunoblotting between WT or
MyD88-deficient mouse lungs after OVA challenge (Fig. 6,
A-C). This indicates that MyD88 selectively controls Muc5ac
production under broad TLR activation conditions from ODE
but not indiscriminately during other airway insults, such as
Th2-mediated inflammation.

MyD88-deficient airway epithelial cells have enhanced
Muc5ac staining with ODE challenge in vitro. These studies
have focused on the role of MyD88 in regulating mucins in an
in vivo animal model that is globally deficient in MyD88.
Nonepithelial cells could have impacted the observed changes
in mucous cell metaplasia. In these next studies, we used
isolated primary-culture airway epithelial cells to characterize
the response to ODE with direct in vitro activation and deter-
mine the epithelial cell-specific role of MyD88 in regulating
mucin. Agricultural workers exposed to ODE develop in-
creased cough and sputum production (16). As there are

ORGANIC DUST AIRWAY MUCIN REGULATED BY MyD88

important differences between mouse and human airways, our
observations in the mouse led us to determine if the same
findings developed in human airway epithelial models. Mouse
airways have fewer mucus-producing goblet cells than human
airways at baseline (19) and instead, have higher club cell
populations that can functionally change to mucus-producing
goblet cells following inflammation. To verify the effect of the
ODE intranasal challenge observed in mouse airways, normal
hTECs were cultured under ALI conditions to generate differ-
entiated ciliated and secretory cells and then treated with 5%
ODE in the basal chamber media for 7 days. There was an
increase in MUCSAC and MUCSB levels with ODE (Fig. 7).
To assess the role of MyD88 in epithelial cells, mTECs were
collected from naive WT and MyD88-KO mice and differen-
tiated under ALI conditions for 3 wk, whereupon =5% ODE
was added to the basal chamber media every other day for 5
days. The staining for MyD88 was diffuse across the WT
airway epithelium with an apical cytoplasmic predominance,
and the staining for MyD88 increased with ODE challenge
(Fig. 84). MyD88 was not specific for secretory cells in WT
airway epithelial cells, as it was present in all cells. Consistent
with the in vivo model, MucSac staining by UEA-1 was
increased in the MyD88-deficient mTEC after ODE challenge
(Fig. 8, B and C). Higher magnification-representative images
of ODE-challenged mTEC confirmed that the UEA-1 stain for
Muc5ac cells contained the expected intracellular mucin gran-
ules (Fig. 8D). Muc5b staining increased with ODE—-in vitro
challenge in both WT mTEC and MyD88-deficient mTEC.
However, unlike Muc5ac, we found no significant difference in
Muc5b staining between ODE-challenged WT mTEC and
MyD88-deficient mTEC, and these in vitro studies confirm the
in vivo findings that MyD88 deficiency during robust TLR
activation by ODE leads to enhanced Muc5ac production in
well-differentiated airway epithelial cells.

Fig. 6. Myeloid differentiation factor 88
(MyD88)-deficient mice have no difference
in mucous cell metaplasia in response to
ovalbumin (OVA)-mediated T helper cell
type 2 inflammation. A: representative im-
ages of Ulex europaeus agglutinin I (UEA-1)
for mucin (Muc)Sac staining from wild-type
(WT) and MyD88 knockout (KO) mouse
lungs following OVA-mediated inflamma- C
tion. Original scale bar, 50 wm. B: Muc5ac
expression by mRNA from WT or
MyD88-KO mouse lung (n = 3 mice per
group). C: immunoblotting for UEA-1 and
total protein lysates (B) with corresponding
quantification (n = 3 mice per group).
Dashed boxes indicate areas of quantifica-
tion. DAPI, 4',6-diamidino-2-phenylindole.
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Fig. 7. Organic dust extract (ODE) increases both mucin (MUC)SAC and MUCSB in primary-culture human airway epithelial cells. A: representative images
of MUCS5AC and MUCS5B immunostaining by mouse MAb (red) with phalloidin (green) to mark the plasma membrane of human tracheobronchial epithelial
cells (hnTEC) under air-liquid interface (ALI) condition 5% ODE for 7 days. Original scale bar, 50 wm. B: fold change of mucin gene expression by quantitative
PCR (gPCR) in hTEC (n = 5). Fold change measured by paired Mann-Whitney’s U-test. *P < 0.05, significant difference between media and ODE conditions.

DAPI, 4',6-diamidino-2-phenylindole.

DISCUSSION

We have previously reported that ODE challenge broadly
activates TLR2, -4, and -9 in mouse lungs and signals via the
MyD88 adaptor protein (3, 40). Here, we show that in contrast
to previous work demonstrating that airway inflammatory
sequelae were reduced in ODE-challenged MyD88-KO mice
(3, 42), MyD88 deficiency amplified mucous cell metaplasia,
especially for enhanced Muc5ac levels (Fig. 9). This observa-
tion of a negative regulatory role for MyD88 on Muc5ac was
demonstrated in both in vivo and in vitro systems by immu-
nostaining, immunoblotting, and qPCR. The enhancement in
ODE-induced airway epithelial Muc5ac levels occurred, de-
spite a decrease in airway inflammation (i.e., neutrophil influx,
neutrophil elastase, and IL-17 release) in the MyD88-KO mice.
The observed increase in Muc5a, following ODE in MyD88-KO
mice, was not due to an alteration in the epithelial differentiation
program at baseline. MyD88-KO and WT mice had similar
expression of Foxjl and Scgblal markers of ciliated and secretory
cell lineages, respectively. The accumulation of mucins in the
airway was also not due to an inherent ATP-activated secretory
defect, as MyD88-KO mouse airways were responsive to ATP.
Furthermore, a combined TLR (8) agonist did not induce
mucin secretion in vivo in WT mice. These two key observa-
tions indicate that the accumulation of airway mucins in the
MyD88-KO mice, observed in Fig. 2, is not due to abnormal
mucin secretion but rather, due to increased production. These

are the first studies to establish that inflammation from agri-
cultural ODE, consisting primarily of bacterial-wall compo-
nents (5)—a complex that broadly activates TLR—induced
mucous cell metaplasia. Our findings in the airways expand on
an earlier report, indicating that MyD88 deficiency led to
increased submucosal gland formation in naive trachea and
increased mucin staining in the chemically injured mouse
trachea with 2% polidocanol (26). Collectively, these data
suggest a negative regulatory role for MyD88 in MucSac
expression induced following inflammation in response to a
nonallergenic, microbial, component-enriched bioaerosol.
Inhalation of ODE in mice induces features of airway
inflammatory disease similar to that observed in exposed ag-
ricultural workers. Increased respiratory symptoms of cough
and chronic phlegm production have been well documented in
agricultural workers, particularly workers in large-scale swine
operations (14, 16, 27, 29, 45). There have been no prior
studies investigating the underlying mechanisms of mucus
production and/or secretion in the context of exposure to dust
in agricultural settings. The modest induction of MucSac
mRNA (approximately four- to fivefold), induced by repetitive
ODE exposure in WT C57BL/6J mice, was less robust than
what we observed in experimental allergic asthma mouse
models, such as OVA challenge in Balb/c mice (11). We also
demonstrated a similar fold increase in Muc5ac in human
airway epithelial cells during in vitro ODE. ODE-induced
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borders. Original scale bar, 10 pm. E: representative images of Muc5b immunostaining with phalloidin to mark plasma membrane borders in WT or MyD88-KO
mouse-derived mTEC under ALI conditions as, in part, A. F: quantification of Muc5b staining from A (n = 3 per condition with 5 images per sample condition). *P <
0.03, significant difference between ODE and saline. **P < 0.05, significant difference between WT and MyD88-KO mice. DAPI, 4’,6-diamidino-2-phenylindole.

AJP-Lung Cell Mol Physiol - doi:10.1152/ajplung.00206.2018 - www.ajplung.org
Downloaded from www.physiology.org/journal/ajplung at CDC Information Center (158.111.236. 165) on February 26, 2019.



ORGANIC DUST AIRWAY MUCIN REGULATED BY MyD88

L345

A ODE B ODE
microbial microbial
components components Fig. 9. Proposed mechanism for myeloid

/ \

1 airway epithelium

differentiation factor 88 (MyD88) control of
mucin (Muc)5ac responses in the airway
epithelium during broad Toll-like receptor
(TLR) activation from organic dust extract
(ODE). A: ODE consists of gram-positive and
-negative bacterial cell-wall components that

TLR

TLR

MyDss | p———o
signaling crosstalk

|_> neutrophil chemotactins

!

mucin
production

1

Muc5ac

—
signaling crosstalk

|_> neutrophil chemotactins : Muc5ac

induce innate-immune pathways through the
parallel activation of TLR-MyD88 leading to
neutrophil recruitment and second, a modest
mucus production leading to enhanced muco-
ciliary clearance. MyD88 signaling dampens
mucin production in favor of neutrophil che-
motaxis following ODE-mediated inflamma-
tion. B: in MyD88-deficient airway epithelium,
mucus production is enhanced to compensate
for lack of an inflammatory response. Thin
arrows, modest activation; thick arrows, signif-
icant activation; X, MyD88-KO; —, transcrip-
tional regulation.

mucin
production

v

inflammatory response mucociliary clearance

inflammation relied on neutrophil influx and a Th1/Thl7-
skewed lymphocyte response, as opposed to an allergic eosin-
ophilic and Th2 response. Our findings on the effect of ODE on
WT mice mucous cell metaplasia are in agreement with pre-
vious work that used a combined airway challenge of both LPS
and elastase, which caused a fivefold increase in Muc5ac and
no significant change in Muc5b (23), as well as chronic airway
challenge of human elastase, which demonstrated an 8- to
13-fold increase in Muc5Sac (49). This modest ODE-induced
mucous cell metaplasia occurred independent of MyD88-TLR
activation, meaning a non-MyD88 signaling ODE component
increases mucus levels. Yet, the response is dampened by
MyDS88, as seen in globally deficient MyD88 mice or mTECs.

How MyD88 regulates Muc5ac production during ODE-
mediated airway inflammation is not known. ODE consists
primarily of microbial components from gram-positive bacteria
but also to a lesser degree, gram-negative bacteria (5). Previous
work by our group (38) did not find significant levels of the
fungal component, ergosterol, levels by gas chromatography.
Evidence for allergic inflammation following ODE exposures
is lacking, as only small amounts of serum IgE are observed
(39). Furthermore, in this study, eosinophil influx and in-
creased IL-13 or IL-33 levels are not demonstrated. Upregu-
lation of mucin levels in the context of nonallergic airway
inflammatory stimuli has been described following exposure to
cigarette smoke and gram-negative and -positive bacterial-wall
components (i.e., LPS and lipotechoic acid; TLR agonists) (1,
2, 13, 33, 47). These stimuli primarily increase mucins via the
EGFR (2, 13, 33). ODE has been shown to activate EGFR
phosphorylation and downstream signaling events (12). One
possibility to investigate in future studies is crosstalk between
MyD88 and EGFR signaling during ODE-mediated inflamma-
tion. A second potential mechanism for MyD88 control of
Muc5ac is via SAM-pointed domain-containing Ets-like factor
(SPDEF). SPDEF is part of a transcription network in the
epithelial cells that signals Muc5ac production (6). Whitsett
and coworkers (6, 31) provide evidence that during respiratory
viral illness and Th2 inflammation, the mucous cell metaplasia

inflammatory response

mucociliary clearance

transcription factor SPDEF negatively regulates MyD88-di-
rected innate-immune responses to bacterial coinfection. How-
ever, the lack of Th2 inflammation observed in our model
makes SPDEF involvement less likely. Furthermore, we found
no significant increase in SPDEF expression following ODE
(data not shown). Other potential regulators of mucous cell
metaplasia in vivo include myristoylated alanine-rich C-kinase
substrate (32, 35, 48) and Erb2 (20, 50). Exploratory studies
have not revealed an expression signal for these pathways in
this model (data not shown). It is possible that during repetitive
and broad TLR activation, as in ODE-mediated inflammation,
MyD88 dampens the signals in the epithelium that lead to
Muc5ac production (Fig. 9). MyD88 deficiency unveils the
degree of crosstalk between the parallel signaling arms of the
innate-immune response, neutrophil influx, and mucociliary
clearance. In MyD88-deficient conditions, the epithelium com-
pensates for the lack of inflammation by increasing mucous
cell metaplasia. Future work will investigate the mechanism of
how broad TLR activation alters the transcription program for
Muc5ac and Muc5b in the presence and absence of MyD88.
MyDS88 has a broad role in a number of hematopoietic cells,
as well as the epithelium. However, the observed mucus
phenotype was likely regulated at the level of the epithelial
cell, independent of inflammatory cells. First, we have previ-
ously reported epithelial-specific, MyD88-dependent pheno-
types. MyD88 regulates the ODE-mediated reduction in cilia
beat frequency (53). Our previous MyD88 bone marrow chi-
meric studies were used to delineate epithelial vs. hematopoi-
etic roles for MyD88 signaling in the context of ODE (42).
Airway hyper-responsiveness following acute ODE exposure
was reduced when MyD88 was absent in the lung structural
(i.e., epithelial) cells but not when absent in hematopoietic
cells. Second, we demonstrated in this current study that
Muc5ac is increased in mTEC derived from MyD88-KO mice
in response to ODE in vitro. Third, we found that there was
enhanced Muc5Sac levels in MyD88-deficient mice, despite a
reduction in neutrophils and IL-17. Finally, there was no
difference in crucial Th2 cytokines (i.e., IL-13 or IL-33) that
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regulate Muc5ac in the airway between WT and MyD88-KO
mice. Our focus on the airway epithelial role of MyD88 is
supported by recent work highlighting the importance MyD88
in bacteria-derived TLR ligands in Muc2 secretion in the
colonic epithelium localized to specific goblet cells at the
opening of crypts (4). In our study, however, we found that
MyD88-deficient mouse airways respond normally to ATP and
secrete mucins.

Taken together, MyD8S is critical to the regulation of mucus
in airway epithelial cells to complex, TLR ligand-enriched,
agriculture organic dust exposures. This current study demon-
strated a novel finding, where MyD88 deficiency augments
mucous cell metaplasia in airway epithelial cells. Future stud-
ies will focus on the determination of the signaling mechanism
of MyD88 dampening of Muc5ac production and exploit this
pathway for potential preventative and therapeutic strategies.
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