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The Journal of Immunology

Airway Epithelial Cell Peroxisome Proliferator–Activated
Receptor g Regulates Inflammation and Mucin Expression in
Allergic Airway Disease

Sowmya P. Lakshmi,*,† Aravind T. Reddy,*,† Asoka Banno,* and Raju C. Reddy*,†

Airway epithelial cells (AECs) orchestrate inflammatory responses to airborne irritants that enter the respiratory system. A

viscous mucus layer produced by goblet cells in the airway epithelium also contributes to a physiological defense mechanism

through the physical and chemical barriers it provides. Dysregulation or impairment in these functions has been implicated as a

cause of the chronic inflammation and tissue remodeling that constitute major pathological features of asthma. In particular,

mucus hypersecretion leading to airway obstruction and impaired pulmonary function is associated with morbidity and mortality

in asthma patients. Peroxisome proliferator–activated receptor g (PPARg) is a ligand-activated transcription factor involved in a

variety of cellular processes. Accumulating evidence indicates that PPARg agonists antagonize exaggerated inflammatory re-

sponses, yet PPARg’s precise role in airway remodeling/mucus hypersecretion has yet to be defined. In this study, we created an

AEC-specific PPARg (AEC-PPARg) deletion to investigate PPARg’s functions in a murine model of allergic airway disease.

AEC-PPARg deficiency exaggerated airway hyperresponsiveness, inflammation, cytokine expression, and tissue remodeling. We

also found that PPARg directly bound to a PPAR response element found in MUC5AC and repressed gene expression. Likewise,

PPARg regulated mucin and inflammatory factors in primary human bronchial epithelial cells. In light of the current standard

therapies’ limited and inadequate direct effect on airway mucus hypersecretion, our study showing AEC-PPARg’s role as a

transcriptional repressor of MUC5AC highlights this receptor’s potential as a pharmacological target for asthma. The Journal of

Immunology, 2018, 201: 000–000.

A
sthma, estimated to affect 300 million individuals
worldwide (1), is a common inflammatory airway dis-
ease and a leading cause of morbidity (2). Currently,

corticosteroids and b2-adrenergic receptor agonists constitute
standard asthma therapy (3). Although most patients’ symptoms
are kept under control and lung function is improved by these
drugs, other individuals experience exacerbations or treatment-
related adverse effects. Alternative therapies are thus needed.
Epithelial cells protect the airway and act as the first line of

defense against airborne pathogens and irritants (4). In addition, a
viscous mucus layer produced by goblet cells, secretory cells
found in the airway epithelium, and by submucosal glands
maintains the health of the airways (4). The pathological aberra-
tions characteristic of asthma, such as chronic inflammation, tissue
remodeling, hyperresponsiveness, and mucus hypersecretion, are
tied to dysregulation of airway epithelial functions (2, 5–7). In
response to allergen exposure, airway epithelial cells (AECs) se-
crete cytokines (e.g., thymic stromal lymphopoietin [TSLP],
IL-25, and IL-33) that recruit various cells of the immune sys-
tem and thus drive airway inflammation (2). This inflammatory

response contributes to airway hyperresponsiveness as well as
epithelial tissue remodeling characterized by airway wall thick-
ening, epithelial hyperplasia, and goblet cell metaplasia (2).
MUC5AC, one of the two major airway mucin genes (8, 9),
becomes significantly upregulated (8, 10), causing mucus hyper-
secretion that leads to airway obstruction and impaired pulmonary
function (4, 6). The Th2 cytokine IL-13 has been implicated as a
prominent driver of all these airway epithelial aberrations (9, 11).
Thus, AECs are at the core of asthma pathophysiology.
Peroxisome proliferator–activated receptors (PPARs) are a

family of ligand-activated transcription factors, comprising PPARa,
PPARb/d, and PPARg. Well known for their roles in lipid and
glucose metabolism (12), PPARs are also involved in a variety of
other cellular processes, including inflammatory and immune re-
sponses. Accumulating experimental and clinical studies attest to
the anti-inflammatory properties of PPAR agonists, highlighting
these molecules’ therapeutic potential for treatment of inflam-
matory lung diseases (12–15). In allergic airway disease (AAD)
specifically, PPARg agonists have been characterized more ex-
tensively than those of PPARa or PPARb/d; they are known to
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suppress airway inflammation, remodeling, hyperresponsiveness,
and mucus hypersecretion (12, 13, 15–18).
The function of AEC-specific PPARg (AEC-PPARg) as a

negative immunomodulatory agent has been studied exten-
sively, yet data regarding its role in airway remodeling remain
scarce. As pathological tissue remodeling is a prominent fea-
ture of asthma, better understanding of its pathogenesis could
contribute to patients’ improved clinical outcomes. In the cur-
rent study, we further define the role of PPARg in AEC regu-
lation using an AEC-specific conditional PPARg knockout in a
murine AAD model. We also examine PPARg’s control of mucin
and inflammatory mediators in primary human bronchial epithelial
(HBE) cells.

Materials and Methods
Cells

Normal and diseased (asthmatic) HBE (NHBE and DHBE, respectively)
cells were obtained from Lonza (Walkersville, MD). NHBE cells were
grown and maintained in BEGM (Lonza) supplemented with growth factors
and hormones as described in the manufacturer’s instructions. Incubation
was at 37˚C in a humidified atmosphere of 5% CO2–95% air using T-75
tissue culture flasks, plates, or dishes. Treatment with OA-NO2 (Cayman
Chemical, Ann Arbor, MI) was as described previously (19).

Animals

AEC-PPARg knockout (AEC-PPARg2/2) mice on a C57BL/6
genetic background were generated by breeding Cc10Cre mice (20)
with Ppargfl/fl mice. Wild type (WT; Cc10wtPpargfl/fl) and AEC-PPARg2/2

(Cc10CrePpargfl/fl) mice were expanded from breeding pairs. Mice were
housed in microisolator cages under specific pathogen-free conditions and
fed autoclaved food. Male mice aged 6–8 wk (20–25 g) were used in all
experiments. All studies were performed according to protocols reviewed
and approved by the Veterans Affairs Pittsburgh Healthcare System In-
stitutional Animal Care and Use Committee.

OVA sensitization, challenge, and specimen collection

Allergen-induced airway disease was produced in mice as described
previously (19, 21). Twenty-four hours following the last challenge,
airway hyperresponsiveness to methacholine challenge was measured
(19). The mice were then euthanized, and bronchoalveolar lavage
fluid (BALF) and the lungs were harvested for histopathological

examination. Staining and pathological scorings were performed as de-
scribed previously (19). Image segmentation and analysis were per-
formed with MATLAB Image Processing Toolbox (R2017b; MathWorks,
Natick, MA).

Measurement of BALF Ig, cytokine, and chemokine levels

AAD-induced, OVA-specific IgE and IgG1 levels in BALF were measured
using ELISA kits (Cayman Chemical) according to the manufacturer’s
instructions. Levels of IL-5, IL-13, eotaxin, and TSLP in BALF were
measured using ELISA kits (R&D Systems, Minneapolis, MN) according
to the manufacturer’s instructions.

Laser capture microdissection, RNA isolation, and real-time
RT-PCR

AECs were obtained from lung sections prepared on polyethylene
naphthalate membrane slides using an LMD7000 laser microdissection
system (Leica Microsystems, Buffalo Grove, IL). RNA was isolated
using the RNeasy Mini Kit (Qiagen, Valencia, CA). cDNA was then
generated from 100 ng of total RNA or mRNA using MultiScribe Reverse
Transcriptase (Applied Biosystems, Foster City, CA) with random and
oligo-dT primers. Real-time RT-PCR was performed using 100 ng of
cDNA with 23 SYBR Green Master Mix (Applied Biosystems) and
specific primer sets for the genes of interest (Supplemental Table I) as
described previously (22).

Western blotting

Protein concentrations were determined using the BCA Protein Assay Kit
(Pierce, Rockford, IL). Western blotting was then performed as described
previously (22). Primary Abs against PPARg (7196), MUC5AC (20118),
NF-kB/p65 (372), Lamin B1 (20682), and b-Actin (1616) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). TSLP Ab (97630) was
obtained from Cell Signaling Technology (Beverly, MA). The secondary
Abs, donkey anti-goat IRDye 680RD (926-68074) and goat anti-rabbit
IRDye 800CW (925-32211), were from LI-COR Biosciences (Lincoln,
NE). The infrared signal was detected using an Odyssey Infrared Imager
(LI-COR Biosciences).

Bioinformatics analysis

A genomic DNA sequence of ∼2.0 kb located immediately upstream from
the transcription start site of the human MUC5AC gene (Gene ID: 4586)
was obtained from GenBank. The sequence was analyzed to predict the
putative promoter region and to identify putative PPAR response elements
(PPREs) by manual inspection using UGENE (Unipro) software or by
using MatInspector.

FIGURE 1. AEC-PPARg knockout

aggravates AAD-induced airway hyper-

responsiveness to methacholine and in-

flammatory cell infiltration. AAD was

induced in WT and AEC-PPARg2/2

mice by OVA sensitization on days 0 and

7 and challenge on even-numbered days

14–22. Control mice were similarly

treated with PBS. Twenty-four hours later,

total respiratory resistance to increasing

concentrations of inhaled methacholine

was determined. BALF and lung samples

were also obtained. (A) Total respiratory

resistance. (B) Total (Tot) and differential

(Eos, Neu, Mac, and Lym) cell count in

BALF. (C) Photomicrographs (original

magnification 3100) of Diff-Quik–stain-

ed cells in BALF from the indicated

treatment groups. The data are expressed

as the mean 6 SD with n = 6 mice per

group. The results were reproduced at least

two times independently. **p , 0.01,

***p , 0.001. Eos, eosinophils; Lym,

lymphocytes; Mac, macrophages; Neu,

neutrophils; n.s., nonsignificant.
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Generation of MUC5AC promoter constructs and transient
transfection assay

The ∼2.0 kb DNA sequence located immediately upstream from the
transcription start site of the human MUC5AC gene, which is the segment
harboring the promoter region, was amplified by PCR from human ge-
nomic DNA and cloned into the luciferase-containing pGL4 vector
(Promega, Madison, WI). In some plasmids, PPRE1, PPRE2, or both el-
ements were deleted. All constructs were sequence verified and used as
indicated. Transient transfection and luciferase activity assays were per-
formed as previously described (22). Briefly, cells were transfected with
the indicated plasmids using Lipofectamine 3000 Reagent (Invitrogen)
according to the manufacturer’s instructions. Luciferase activity was then
measured using the Dual-Luciferase Reporter Assay System (Promega)
according to the manufacturer’s instructions.

DNA affinity precipitation

Following washing with cold binding and washing (B&W) buffer (B&W
buffer: 10 mM Tris-HCl [pH 7.5], 1 mM EDTA, 2 M NaCl, and 1%
protease inhibitor mixture), Dynabeads M-280 Streptavidin (Invitrogen)
were mixed with 0.5 mM of the indicated biotinylated PPRE-containing

oligonucleotides (Supplemental Table I) and then incubated at room tem-
perature for 30 min. Next, 200 mg of the biotinylated oligonucleotide-
coupled beads were added to 30 mg of nuclear proteins and incubated
for 30 min at room temperature with rotation. Samples were washed
three times with cold B&W buffer. Bead-bound biotinylated oligonu-
cleotide–protein complexes were eluted and subjected to Western blot-
ting as described with indicated Abs. An aliquot of the nuclear sample
that was not incubated with streptavidin beads was used as the input
control sample.

EMSA

PPARg recombinant protein (1 mg) was incubated with 50 nM double-
stranded oligonucleotides end-labeled with infrared dye 700 as indicated
(Supplemental Table I); the incubation medium consisted of binding
buffer (100 mM Tris, 500 mM KCl, and 10 mM DTT [pH 7.5]), poly
(deoxyinosinic-deoxycytidylic) [poly(dI-dC)] (1 mg/ml in 10 mM Tris,
and 1 mM EDTA), 25 mM DTT, and 2.5% Tween 20. Samples were then
separated on 5% nondenaturing polyacrylamide gels in 13 Tris-Borate
EDTA buffer (130 mM Tris [pH 8.3], 45 mM boric acid, and 2.5 mM
EDTA). The infrared signal was detected using an Odyssey Infrared
Imager (LI-COR Biosciences).

FIGURE 2. AEC-PPARg knockout aggravates

AAD-induced inflammatory cell infiltration, air-

way remodeling, and mucus production. AAD was

induced in WTand AEC-PPARg2/2mice by OVA

sensitization on days 0 and 7 and challenge on

even-numbered days 14–22. Control mice were

similarly treated with PBS. Twenty-four hours

later, lung sections from the indicated treatment

groups were prepared and examined histologically.

(A) H&E staining showing inflammation with in-

filtrating leukocytes. Red arrowheads indicate ep-

ithelial cell hyperplasia and subepithelial fibrosis.

(B) 1003 images of the same H&E-stained slides

showing the infiltrating eosinophils more clearly.

Yellow arrowheads indicate leukocytes infiltrating

across the airways. Leukocyte infiltration was

quantified and presented as inflammation score.

(C) PAS-stained slides highlighting goblet cell

metaplasia (PAS-positive cells). (D) 1003 images

of the same PAS-stained slides showing mucus

plugs and granulated goblet cells. Mucus staining

was quantified and presented as mucus score. The

results were reproduced at least two times inde-

pendently. **p , 0.01.

The Journal of Immunology 3
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Nucleic acid–protein docking studies

Docking studies were performed to predict the interactions between
PPARg-DBD and MUC5AC PPRE1 (59-AGGACAAAGGGCC-39) or con-
sensus PPRE (59-AGGTCAAAGGTCA-39). Discovery Studio software
(BIOVIA, San Diego, CA) was used to prepare and apply a Chemistry at
Harvard Macromolecular Mechanics force field to the DNA corresponding
to MUC5AC PPRE1 and PPARg-DBD (Protein Data Bank identifier:
3E00) for modeling. Docking was performed in the nucleic acid–protein
docking server as described previously (23) with default docking param-
eters. Root mean square deviation threshold in the clustering procedure
was set to 5 Å. After refinement, best-scored decoys from the three biggest
clusters were analyzed and best pose (highest probability) was used to
identify DNA–protein interactions using Discovery Studio software
(BIOVIA).

Statistical analysis

Data are presented as the mean 6 SD. Differences between groups were
analyzed using unpaired t test or ANOVA, followed by a Bonferroni
multiple comparison correction. Analyses were performed using GraphPad
Prism 5.03 (GraphPad Software, La Jolla, CA). A p value , 0.05 was
considered significant.

Results
AEC-PPARg knockout aggravates AAD-induced airway
hyperresponsiveness and inflammation

To investigate the effects of AEC-PPARg deficiency in AAD in-
duced via OVA sensitization and challenge, as described previ-
ously (19, 21), we developed AEC-PPARg2/2 mice. Inflammatory
responses, tissue remodeling, hyperresponsiveness, and mucus
hypersecretion in these animals’ airways were then examined and
compared with those of WT mice.

We first determined the functional effects of AEC-PPARg
knockout by assessing total respiratory resistance (respiratory
system resistance to airflow) as a measurement of airway sensi-
tivity, both at baseline and in response to increasing doses of
inhaled methacholine. The AEC-PPARg2/2 mice developed
substantial responsiveness even at the lowest dose of inhaled
methacholine (6.25 mg/ml) (Fig. 1A). Furthermore, the meth-
acholine responsiveness of the AEC-PPARg2/2 mice was con-
siderably higher than that of WT mice at all doses tested (Fig. 1A).
To determine the effect of AEC-PPARg deficiency on AAD-

associated inflammatory cell infiltration, the number and type of
cells in BALF were assessed. Total and differential BALF cell
counts were increased by ∼70% (p , 0.01) compared with
those in WT mice (Fig. 1B, 1C). This was attributable to in-
creased numbers of eosinophils, macrophages, and lymphocytes
(Fig. 1B). These results suggest that AEC-PPARg deficiency
impairs pulmonary function and exacerbates inflammation in
mice with AAD.

AEC-PPARg knockout aggravates AAD-induced airway
inflammation and airway remodeling

Pathological features of asthma include airway inflammatory cell
infiltration, remodeling, and goblet cell metaplasia. Microscopic
examination of H&E-stained lung sections showed that the air-
ways and blood vessels in AEC-PPARg2/2 mice were lined with
infiltrating leukocytes (Fig. 2A, yellow arrowheads), whereas
leukocytes were rarely observed along the airways in WT mice.
Examination at higher magnification showed that infiltrating
leukocytes were mostly eosinophils (Fig. 2B, yellow arrowheads).

FIGURE 3. AEC-PPARg knockout increases markers of

AAD-induced lung inflammation. AAD was induced in WT

and AEC-PPARg2/2 mice by OVA sensitization on days

0 and 7 and challenge on even-numbered days 14–22.

Control mice were similarly treated with PBS. Twenty-four

hours later, BALF samples were obtained and indicated

cytokine, chemokine, and Ig levels (IL-5, IL-13, eotaxin,

TSLP, IgE, and IgG1) were measured by ELISA. The data

are expressed as the mean 6 SD with n = 6 mice per group.

The results were reproduced at least two times indepen-

dently. **p , 0.01, ***p , 0.001. n.s., nonsignificant.
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Histological examination of lung sections from AEC-PPARg2/2

mice also displayed focal bronchiolar epithelial cell hyperplasia
and subepithelial fibrosis (Fig. 2A, red arrowheads). In addition,
we observed that goblet cell metaplasia often accompanied
epithelial cell hyperplasia (Fig. 2B). To further examine this
goblet cell metaplasia, we stained lung sections with periodic
acid–Schiff (PAS). Although PAS-positive cells were detected
in areas of goblet cell metaplasia and in the airways of both
groups following AAD induction (Fig. 2C), airways containing
granulated goblet cells and mucus plugs were more abundant in
AEC-PPARg2/2 mice than in WT mice (Fig. 2D). These results
indicate that AAD-associated inflammation and airway remodel-
ing, represented by epithelial cell hyperplasia and goblet cell
metaplasia, are significantly pronounced in the absence of
AEC-PPARg.

AEC-PPARg regulates secretion of asthma-associated
cytokines and chemokines in BALF by controlling inflammation
and mucin mRNA expression in AECs

Airway inflammation promotes secretion of several inflammatory
mediators from different cell types including AECs (2, 24). To
investigate whether AEC-PPARg regulates AAD-induced cyto-
kine and chemokine secretion as well as Ig production, we
assessed the levels of the asthma-associated proinflammatory
mediators IL-5, IL-13, eotaxin, TSLP, IgE, and IgG1 in BALF. We
found no difference between the two groups at baseline, however,
all six molecules were significantly elevated in AEC-PPARg2/2

compared with WT mice following AAD induction (Fig. 3).
Next, to determine whether regulation of inflammatory media-

tors by AEC-PPARg (Supplemental Fig. 1) was executed at the
transcriptional level, we examined the expression of inflammatory
genes (Il25, Il33, Tslp, Ccl11 [corresponding to eotaxin], and Rela
[corresponding to NF-kB/p65]) and the mucin gene Muc5ac by
real-time RT-PCR using samples isolated from AECs. AAD-
induced elevation of all the examined genes was further in-
creased in AEC-PPARg2/2 mice compared with WT animals
(Fig. 4). These data suggest that AEC-PPARg deficiency increases
inflammation and mucin gene expression in AECs, leading to the
observed enhanced secretion of asthma-related cytokines and
chemokines in BALF.

The MUC5AC promoter contains novel PPREs

MUC5AC gene modulation by PPARg (Fig. 4) may be a signifi-
cant element in AEC-PPARg’s anti-AAD functions. To investigate
the mechanism by which AEC-PPARg suppresses MUC5AC ex-
pression, we analyzed the human MUC5AC promoter for the
presence of putative PPARg transcription factor binding elements.
As shown in schematic representation (Fig. 5A), our analysis
identified two novel PPREs: one between 21207 and 21194 bp
(PPRE1: 59-AGGACAAAGGGCC-39) and another between 23834
and 23821 bp (PPRE2: 59-TGTTCAGAGGTCAA-39). To assess
the functionality of these MUC5AC PPREs, we performed lucif-
erase assays in NHBE cells transfected with reporter constructs
harboring the WT promoter or promoters with one or both of the
putative PPREs deleted (DPPRE), in the presence or absence of
PPARg. PPARg significantly decreased luciferase activity of the
WT promoter construct (construct 1) (∼75% decrease compared
with the vector control), whereas deletion of both PPREs (con-
struct 2) completely abolished this effect (Fig. 5B). Reduction in
luciferase activity caused by deletion of PPRE2 (construct 3) or
PPRE1 (construct 4) was more modest; ∼65 and 35%, respec-
tively, compared with the control (Fig. 5B). Thus, we identified
PPREs in the MUC5AC promoter that may be involved in
PPARg’s suppression of MUC5AC protein expression.

PPARg physically interacts with PPREs in the
MUC5AC promoter

To further characterize the novel PPARg-responsive MUC5AC PPREs
and to determine whether MUC5AC is a direct transcriptional target of
PPARg, we examined their interaction. First, we performed DNA af-
finity precipitation to test whether PPARg physically interacts with the
MUC5AC PPREs. Biotinylated WT and mutated double-stranded oli-
gonucleotides corresponding to the PPRE sequences were used to
precipitate the proteins to which they bound from nuclear extracts of

FIGURE 4. AEC-PPARg knockout increases expression of inflamma-

tory and mucin genes. AAD was induced in WTand AEC-PPARg2/2 mice

by OVA sensitization on days 0 and 7 and challenge on even-numbered

days 14–22. Control mice were similarly treated with PBS. Twenty-four

hours later, lung sections were prepared. AECs were collected from lung

sections using laser capture microdissection as described in Materials

and Methods. mRNA levels of indicated genes (Il25, Il33, Tslp, Ccl11

[eotaxin], Muc5ac, and Rela [NF-kB-p65]) were measured by real-time

RT-PCR. The data are expressed as the mean 6 SD with n = 3 mice per

group. The results were reproduced at least two times independently.

**p , 0.01, ***p , 0.001.

The Journal of Immunology 5
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NHBE cells transfected with or without a PPARg expression plasmid.
Addition of PPARg caused PPRE-binding proteins from the nuclear
extracts to associate with PPARg, as determined by Western blotting
(Fig. 6A). Mutations in the PPRE sequences of the respective oligo-
nucleotides (Supplemental Table I) eliminated PPARg from theses
complexes (Fig. 6A). As expected, PPRE from CD36 and nonspecific
oligonucleotides used as positive and negative controls respectively, did
and did not precipitate PPARg-containing complexes (Fig. 6A). No-
tably, Lamin B1, employed as a control for nonspecific interaction, was
not present in any of the precipitated samples, supporting the speci-
ficity of the observed PPARg–MUC5AC PPRE interactions (Fig. 6A).
We also examined this interaction by chromatin immunopre-

cipitation (ChIP) assay with an anti-PPARg Ab. Consistent with
the DNA affinity precipitation data (Fig. 6A), the ChIP results
confirmed the interactions between PPARg and the MUC5AC
PPREs (Fig. 6B). PPARg’s affinities for the two MUC5AC PPREs
were comparable (Fig. 6B). Finally, we performed EMSA to de-
termine whether PPARg directly binds to the MUC5AC PPREs.
Recombinant PPARg bound to both WT PPRE oligonucleotides,
albeit more efficiently to MUC5AC PPRE1 than to MUC5AC
PPRE2 (Fig. 6C). Mutations in the PPRE sequences of the re-
spective oligonucleotides abrogated these interactions completely
(Fig. 6C). As expected, recombinant PPARg shifted CD36 PPRE
but failed to do so with a nonspecific oligonucleotide (Fig. 6C).
Together, these results validate the functionality of the PPARg-
responsive PPREs found in the MUC5AC promoter and provide
evidence for their direct interactions.

PPARg-DBD interacts with MUC5AC PPRE1

PPARg displays selective and polar half-site binding, which re-
sults in the arrangement of the PPARg-DBD upstream of PPREs.

Nucleic acid–protein docking predictions with 5-Å root mean
square deviation cutoff and analysis of best pose cluster with
higher probability further revealed the interactions of PPARg-
DBD with nucleotides in the MUC5AC PPRE1 and the consensus
PPRE. The helix one zinc finger of PPARg containing P-box was
embedded in the major groove of both PPREs in a highly similar
and sequence-specific manner. Critical contacts between PPARg-
DBD amino acids and PPRE nucleotides are summarized in Fig. 7.
The contact maps shown virtually explain all the conserved DBD
amino acids and PPRE nucleotides in the binding site. In the
MUC5AC PPRE1 (Fig. 7A) and the consensus PPRE (Fig. 7B)
docking complexes, each upstream half site makes specific con-
tacts through seven and six hydrogen bonds, respectively. Both
complexes also harbor seven extensive contacts with the phos-
phate backbone along the upstream half site. Consistent with the
results from DNA affinity precipitation, ChIP assays, and EMSA,
these results indicate that PPARg-DBD physically interacts with
specific nucleotides in the MUC5AC PPRE1. The docking study
data also explain why mutations in theMUC5AC PPRE disrupt the
PPARg–MUC5AC interaction (Fig. 6A, 6C).

PPARg modulates expression of inflammatory and mucin
proteins in primary HBE cells

The above findings substantiate PPARg’s role as a key regulator of
AECs’ functions in a murine AAD model. To determine whether
PPARg may have the same capacity in HBE cells, we compared
the expression of key mediators involved in airway inflammation
(NF-kB-p65 and TSLP) and mucus production (MUC5AC) in
NHBE and DHBE cells by Western blotting. At baseline, com-
pared with DHBE cells, NHBE cells expressed significantly
higher levels of PPARg and lower levels of inflammatory and

FIGURE 5. The MUC5AC promoter contains novel functional PPREs. (A) Bioinformatics analysis identified the existence of previously unreported

PPREs in the human MUC5AC promoter. The schematic diagram shows the location of those PPREs relative to the transcription start site (TSS). Numbers

refer to the nucleotide position within the promoter region. (B) NHBE cells were transfected, in the presence or absence of PPARg expression plasmid, with

luciferase constructs containing the WT MUC5AC promoter (construct 1) or promoters with one (constructs 3 and 4) or both (construct 2) of the putative

PPREs deleted (DPPRE). Empty pGL4 served as a negative control for the assay. The luciferase activities were determined after 24 h. The data

are expressed as the mean 6 SD with n = 3, and the results were reproduced at least two times independently. *p , 0.05, **p , 0.01, ***p , 0.001.

n.s., nonsignificant.
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mucus proteins (Fig. 8A). Small interfering RNA (siRNA)–
mediated PPARg silencing, however, abolished this trend in
NHBE cells, causing them to mimic the expression profile of

DHBE cells at baseline (Fig. 8A, 8B). Conversely, DHBE cells
treated with the natural PPARg agonist OA-NO2 showed expression
of PPARg, NF-kB-p65, TSLP, and MUC5AC that was comparable
to that in NHBE cells at baseline (Fig. 8A, 8C). Scrambled siRNA
or vehicle control treatment did not affect these proteins’ expression
in NHBE or DHBE cells (Fig. 8). Thus, in agreement with data
from the mouse studies, these results imply that PPARg is capable
of modulating mediators of airway inflammation and mucus hy-
persecretion in bronchial epithelial cells of human origin.

Discussion
The airway epithelium is a physical barrier that separates the lungs
from the external environment (25). It protects the underlying
tissue from a variety of inhaled gases and particles and initiates
immune responses to such challenges (25). In addition to secreting
inflammatory cytokines and chemokines and activating innate
immune cells, AECs can initiate signaling that may lead to pre-
vention or resolution of inflammation by promoting production of
anti-inflammatory molecules such as PGE2, heparan sulfate pro-
teoglycan syndecan-1, and IL-37 (3). With these biological ef-
fects, AECs are central to asthma pathogenesis; therapeutically
targeting their functions is thus a key element in asthma therapy.
Our study using AEC-PPARg2/2 mice now adds PPARg to the list

of anti-inflammatory mechanisms activated by AECs. Our observa-
tions show that AEC-PPARg deficiency significantly intensifies airway
epithelial pathology in our murine AADmodel: In OVA-sensitized and
-challenged mice, airway inflammation, cytokine and chemokine ex-
pression, and tissue remodeling were all exaggerated in the absence of
AEC-PPARg. These data agree with previous studies showing that
PPARg agonists alleviate several AAD features (12, 13, 15, 19, 26)
and substantiate the idea that targeting AEC functions via PPARg may
be a suitable therapeutic strategy for asthma.
Type 2 innate lymphoid cells (ILC2) modulate Th2 cell

responses as a key source of type 2 cytokines (27). They
have been shown to contribute to asthma-associated airway
hyperresponseivess, inflammation, mucus hypersecretion, and
airway remodeling, at least in mice (27). Because IL-25, IL-33,
and TSLP, whose expression was enhanced in our AEC-PPARg
knockout mice, are potent inducers of ILC2 (27), it would be
intriguing to determine whether PPARg deficiency also indirectly
exacerbates OVA-induced AAD by enhancing ILC2 activation in
addition to its direct effect on AECs.
Moreover, we revealed a novel interaction between PPARg and

the MUC5AC promoter that accounts for effects on MUC5AC
repression. Specifically, two novel PPREs in the MUC5AC pro-
moter were identified and demonstrated to directly interact with
the PPARg-DBD. Production of MUC5AC by goblet cells is
known to be regulated at the transcriptional level (10). Yet data on
such regulation are limited to demonstration that dexamethasone
suppressesMUC5AC mRNA expression in multiple cell types (28)
and a study implicating FOXA2 as a MUC5AC transcriptional
repressor (29). Moreover, knowledge regarding PPARg’s precise
role in regulation of AEC mucus secretion has so far been
extremely limited. Thus, our study assigning PPARg, a well-
characterized anti-inflammatory molecule, an additional role as
a negative transcriptional regulator of MUC5AC brings new in-
sight to the field of AAD/asthma.
Several studies using various in vivo models of airway in-

flammation support our conclusion; different PPARg agonists are
capable of blocking airway mucus hypersecretion, as evidenced by
decreased PAS staining in goblet cells, airway epithelium, or the
lungs (16–18). The PPARg agonist rosiglitazone also inhibits
upregulation of MUC5AC expression in the airway epithelium and
its secretion in BALF, as well as Muc5ac mRNA expression in the

FIGURE 6. PPARg directly binds to PPREs in the MUC5AC promoter.

(A and B) NHBE cells were transfected with or without PPARg expression

plasmid. After 24 h, (A) nuclear extracts were obtained and incubated with

the indicated biotinylated, double-stranded oligonucleotide-coupled beads.

Bead-bound oligonucleotide–protein complexes were eluted and subjected

to Western blotting to identify the presence of PPARg. The PPRE from the

CD36 gene and a nonspecific nucleotide sequence were used as positive

and negative controls, respectively. Nuclear extracts without added nu-

cleotides were loaded as input. Western blotting for Lamin B1 was per-

formed as a control for nonspecific interaction. (B) Chromatin was

crosslinked and immunoprecipitated with Abs against IgG or PPARg; the

Ab-bound DNA–protein complexes were then subjected to real-time RT-

PCR with primers that specifically amplified the MUC5AC PPRE1 and

PPRE2 regions. (C) Recombinant PPARg was individually incubated with

infrared dye 700 end-labeled double-stranded oligonucleotides for WT or

mutated (Mu) MUC5AC PPRE, CD36 PPRE, or nonspecific oligonucleo-

tide. EMSA was performed as described in Materials and Methods. The

infrared signal (red) was detected using an Odyssey Infrared Imager. The

data are expressed as the mean 6 SD with n = 3. The results were

reproduced at least two times independently. ***p , 0.001.
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lungs of rats exposed to acrolein, a cigarette smoke toxin (16).
Pioglitazone has also demonstrated a similar effect (26). As
Muc5ac mRNA expression closely correlates with the presence of
goblet cell metaplasia in the airway epithelium (30) and as airway

mucus hypersecretion is associated with morbidity and mortality
in asthma patients (8), PPARg’s ability to suppress MUC5AC
provides another layer of support for the therapeutic application of
PPARg agonists in asthma.

FIGURE 7. The PPARg-DBD interacts with nucleotides in theMUC5AC PPRE1. Nucleic acid–protein docking was performed as described in Materials

and Methods. Cartoon representation and stereo views of the predicted PPARg-DBD in complex with (A) MUC5AC PPRE1 and (B) the consensus PPRE.

The PPARg-DBD is depicted in secondary structure with a red surface. The amino acids in contact with the DNA are depicted as colored sticks. The DNA

backbone is represented as green (theMUC5AC PPRE1) or sky blue (the consensus PPRE) arrows with semitransparent surfaces of the same color, whereas

nucleotides are drawn as base-colored sticks. Hydrogen bonds are indicated with green dashed lines. Contact maps illustrate interacting amino acids within

a 4.0-Å distance from the nucleotides. Donors and acceptors are colored in red and blue, respectively. Arrows indicate hydrogen bonding.

FIGURE 8. PPARg plays a key role in regulating mediators of inflammation and mucus production in HBE cells. NHBE and DHBE cells were cultured

as indicated in Materials and Methods. PPARg was silenced with siRNA in NHBE cells or activated by OA-NO2 in DHBE cells. Western blotting was

performed to determine the levels of indicated proteins (PPARg, NF-kB/p65, TSLP, and MUC5AC) in (A) untreated NHBE and DHBE cells, (B) NHBE

cells treated with scrambled (SC) siRNA or PPARg-specific siRNA, or (C) DHBE cells treated with vehicle (Veh) or 1 mMOA-NO2 for 6 h. b-Actin served

as a loading control. The results were reproduced at least two times independently. Image quantification was performed with MATLAB Image Processing

Toolbox. The data are expressed as the mean 6 SD. **p , 0.01, ***p , 0.001, ****p , 0.0001.
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Airway mucus hypersecretion is observed in other diseases.
Chronic obstructive pulmonary disease and cystic fibrosis display
aberrant mucin expression (9, 10). Inflammation in other organs is
likewise associated with mucin overexpression (31). Considering
that the more than 20 mucin genes that have been identified to date
are differentially expressed either at an mRNA or protein level in
organs of respiratory, digestive, and reproductive systems where
mucus serves a protective biofilm (9), it is possible that other mucin
genes contain PPREs and respond to PPARg activation. It would
thus be intriguing to investigate whether such PPARg–mucin
gene interactions are absent or dysregulated in other diseases.
Greater amounts of mucin, primarily due to an increase in

MUC5AC (mRNA and protein levels), have been observed in
bronchial biopsies from asthmatic patients compared with controls
(32). A significantly larger amount of intraluminal mucus was also
found in samples from patients with severe asthma and was linked
to asthma-associated mortality (33, 34). Because mucus hyperse-
cretion leads to airflow obstruction and impaired pulmonary func-
tion, which is a major cause of asthma morbidity and mortality (35,
36), it should be a focal point of therapeutic interventions for this
disease. Yet current standard therapies, namely corticosteroids and
b2-adrenergic receptor agonists, focus on airway inflammation
control without directly targeting mucus hypersecretion, thus ra-
tionalizing a search for a more effective approach. PPARg agonists,
whose benefits as anti-inflammatory agents for asthma have been
recognized by several clinical studies (37), have also been proposed
as a treatment for airway mucus hypersecretion (6). This study
corroborates this idea by providing evidence for AEC-PPARg’s
function as a transcriptional regulator of MUC5AC.
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Supplemental Table S1. Sequences for primers and oligonucleotides used in the study. 

Gene   Primer Sequence Tm (°C) 
Amplicon Size 

(bp) 

Il25 
F 5'-TGCTAGAGGATGCTGTTGTG-3' 54.7 

88 
R 5'-GGAAAGGAGCCAGGAGTATG-3' 54.9 

Il33 
F 5'-TGCCTCCCTGAGTACATACA-3' 55.0 

106 
R 5'-CTGGTCTTGCTCTTGGTCTTT-3' 55.0 

Tslp 
F 5'-AGAGGACCACTGGTGTTTATTC-3' 54.4 

112 
R 5'-ACGGTCTATTGCTCATTTCCC-3' 54.9 

Rela 

(NF-κB/p65) 

F 5'-AGGCTTCTGGGCCTTATGTG-3' 61.6 
111 

R 5'-TGCTTCTCTCGCCAGGAATAC-3' 61.6 

Ccl11 

(eotaxin) 

F 5'-CACTAACCCAGAGCCTAAGAAC-3' 54.9 
128 

R 5'-CATAATGACTTCCAGTCCCATCT-3' 54.2 

Muc5ac 
F 5'-CAGGACTCTCTGAAATCGTACCA-3' 61.1 

129 
R 5'-GAAGGCTCGTACCACAGGG-3' 61.7 

Gapdh 
F 5'-GGACGCATTGGTCGTCTGG-3' 63.0 

204 
R 5'-TTTGCACTGGTACGTGTTGAT-3' 60.2 

Muc5ac 

PPRE1 

F 5'-GTGCTCAGAACAGCCTTGA-3' 
55.1 

92 
R 5'-GAATGGCAGGAAAGGGAGAG-3' 55.4 

Muc5ac 

PPRE2 

F 5'-CTTGGCCCAGCCTCAG-3' 
63.0 

251 

R 5'-GGCATAGGGAAGGGCTTGA-3' 
64.0 

Actb 

(β-Actin) 
Cat # 13653, Cell Signaling Technology 

 

Element Oligonucleotide sequence 

MUC5AC PPRE1 5′-ACTCAGACAGGACAAAGGGCCCGGTATGGA-3′ 

MUC5AC PPRE2 5′-ACTCAGACTGTTCAGAGGTCACGGTATGGA-3′ 

MUC5AC PPRE1 Mu 5′-ACTCAGACAGACTAAAGGGCCCGGTATGGA-3′ 

MUC5AC PPRE2 Mu 5′-ACTCAGACCAGGGTGAGGTCACGGTATGGA-3′ 

MUC5AC PPRE 5′-ACTCAGACAAGTCAGAGGCCACGGTATGGA-3′ 

Non Specific Oligo 5′-ACTCAGACTGGGGCTGGAGTGCGGTATGGA-3′ 
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Supplemental Figures: 

 

FIGURE S1. AEC-PPARγ knockout. AECs were collected from lung sections using laser 

capture microdissection, as described in Materials and Methods. PPARγ mRNA levels were 

measured by real-time RT-PCR. The data are expressed as the mean ± SD with n = 3 

mice/group; ***P < 0.001. 

 


