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Exendin-4 restores airway mucus homeostasis through the
GLPIR-PKA-PPARY-FOXAZ2-phosphatase signaling

Woosuk Choi', Shawn Choe’, Jingjun Lin', Michael T. Borchers*?, Beata Kosmider*>®, Robert Vassallo’, Andrew H. Limper’ and

Gee W. Lau’

Goblet cell hyperplasia and metaplasia and excessive mucus are prominent pathologies of chronic airway diseases such as chronic
obstructive pulmonary disease (COPD), cystic fibrosis (CF), and chronic bronchitis. Chronic infection by respiratory pathogens,
including Pseudomonas aeruginosa, exacerbates cyclical proinflammatory responses and mucus hypersecretion. P. aeruginosa and
its virulence factor pyocyanin contribute to these pathologies by inhibiting FOXA2, a key transcriptional regulator of mucus
homeostasis, through activation of antagonistic signaling pathways EGFR-AKT/ERK1/2 and IL-4/IL-13-STAT6-SPDEF. However,
FOXA2-targeted therapy has not been previously explored. Here, we examined the feasibility of repurposing the incretin mimetic
Exendin-4 to restore FOXA2-mediated airway mucus homeostasis. We have found that Exendin-4 restored FOXA2 expression,
attenuated mucin production in COPD and CF-diseased airway cells, and reduced mucin and P. aeruginosa burden in mouse lungs.
Mechanistically, Exendin-4 activated the GLP1R-PKA-PPAR-y-dependent phosphatases PTEN and PTP1B, which inhibited key kinases
within both EGFR and STAT6 signaling cascades. Our results may lead to the repurposing of Exendin-4 and other incretin mimetics
to restore FOXA2 function and ultimately regulate excessive mucus in diseased airways.
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INTRODUCTION

Mucociliary clearance is a vital defense against inhaled irritants
and microbes.'™ However, excessive mucus is detrimental to
patients with bronchiectasis diseases, including COPD, CF, and
chronic bronchitis. These airways exhibit permanent changes to
bronchi including chronic inflammation and infection, goblet cell
hyperplasia and metaplasia, and mucus hypersecretion. In CF,
mutated forms of CFTR channel cause dysregulation of CI”
secretion and hyperabsorption of Na™ and H,0 in airways, leading
to depletion of airway surface liquid, thickening of mucus,
malfunctioning of mucociliary escalator, and debilitated microbial
clearance.>® In COPD, environmental pollutants and cigarette
smoke induce inflammation and oxidative damage in both
airways and alveolar spaces, which contribute to mucus hyperse-
cretion and emphysema, respectively.”® In both of these diseased
lungs, accumulated mucus creates a niche environment favoring
chronic microbial infection, among which, Pseudomonas aerugi-
nosa (PA) is prevalent.

PA thrives in the mucus-rich airways by switching to the biofilm
mode of growth, becoming more resistant to antibiotics and
phagocytic clearance. Acquisition of PA is associated with
increased episodes of acute exacerbation and excessive mucus
production, especially among advanced CF and COPD patients
receiving antibiotic therapy or requiring mechanical ventilation.” '3
Specifically, PA expresses several virulence factors, including
pyocyanin," " lipopolysaccharides (LPS),'’*° flagellin,'”?' algi-
nate,'”?? and proteases® that induce mucus hypersecretion. In

particular, pyocyanin is overproduced by the hypervirulent
epidemic PA strains** and recovered at 0.1 mM concentrations
from COPD and CF airways (27.3 and 16.4 ug/ml sputum,
respectively).>?® Significantly, pyocyanin is critical for both acute
and chronic lung infection,'**’ and its concentrations within sputa
negatively correlate with the lung function in CF patients.®® In
addition, at the concentrations found in diseased airways,
pyocyanin induces bronchoconstriction,?® disrupts mucociliary
transport,®> and reduces mucus velocity’® and mucociliary
clearance.®®

Previously, we have shown that PA infection and chronic
exposure to pyocyanin induce goblet cell hyperplasia and
metaplasia and mucus hypersecretion by inhibiting the forkhead
box protein A2 (FOXA2),'>"""" a key transcriptional regulator of
the airway mucus homeostasis.>'*? FOXA2 is inhibited by both IL-
4/IL-13-STAT6-SPDEF and EGFR-AKT/ERK1/2 signaling,'*'>1937-3*
and by ROS/RNS-mediated post-translational modifications.'®
During exposure to allergens, STAT6-SPDEF activates the T-helper
2 (Th2) response and goblet cell differentiation, >’ whereas EGFR
modaulates cell metabolism, survival, transcription, and differentia-
tion®*® Interestingly, activated STAT6 and EGFR convergently
inhibit the expression of FOXA2, which relieves SPDEF to
upregulate the transcription of mucin genes.'*'>193173340 galac.
tive deletion of the FOXA2 gene in mouse airways causes goblet
cell hyperplasia and metaplasia, excessive mucus, emphysema, and
neutrophilic infiltration,?’ pathological features similar to mouse
lungs chronically exposed to pyocyanin.'*"”
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Fig. 1 FOXA2 expression is depleted in the area of human COPD airways overexpressing mucus. Lung sections of de-identified healthy
donors and COPD patients at Gold stage IV (#1) and Gold stage Il (#2) with stable disease who underwent lobectomy were double-stained
with primary antibodies against FOXA2 and mucus-secreting cell-specific markers MUC5AC and MUC5B. Nuclei in airway cells were stained
with DAPI (blue). Labeled airway sections were visualized by secondary antibodies conjugated to Alexa Fluor 594 (red, FOXA2) and to Alexa
Fluor 488 (cyan-green, MUC5AC and MUC5B), respectively. Original magnification: x100. “A” indicates open-airway lumens. White arrows
indicate airway surface epithelial cells in healthy control lungs and airway basal epithelial cells in COPD lungs that still express FOXA2, which is
absent in the surface epithelial cells expressing both MUC5AC and MUC5B in COPD lungs. Two representative healthy sections and four
representative COPD sections are shown. Analysis of an additional lung sample is presented in Fig. S1.
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Fig. 2 Pseudomonas aeruginosa (PA) infection depletes the expression of FOXA2 in a pyocyanin-dependent manner. Six-week-old C57BL6
mice (n = 8) were intranasally infected in a chronic bronchitis model with the wild-type PA strain PAO1 or the pyocyanin-deficient mutant AphzS
(1x10° CFU, day 1, 3, 5, 7, 1-week duration). Lung sections were stained with periodic acid-Schiff (PAS) (a, blue arrows), or by
immunohistochemistry (IHC) by using antibodies against MUC5AC (b, blue arrows), MUC5B (¢, blue arrows), and FOXA2 (d, blue arrows)
respectively. Red arrows in d show FOXA2 expression in basal epithelial cells of PAO1-infected airways, and in both basal and surface epithelial
cells of AphzS-infected airways. IHC staining was visualized with the M.O.M Immunodetection Kits (FOXA2) and the VECTASTAIN ABC Kits
(MUC5AC and MUC5B). a-d Percentage of basal and surface epithelial cells staining positive for PAS, MUC5AC, MUC5B, and FOXA2 were
compared by the Student’s t test. e The expression of secreted MUC5AC and MUC5B in the mouse lungs infected by PAO1 versus AphzS. BALF
of each mouse was individually analyzed by densitometry, and the mean value of the AphzS was then used as the baseline to measure mucin
levels induced by the wild-type strain PAO1. All data from a-e are presented as mean * s.e.m.; *p 0.05, **p .00.01, ***p .00.001. NS not significant.
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Fig. 3 Exendin-4 (Ex-4) restores FOXA2 expression and reduces mucin induction by pyocyanin (PCN), and improves Pseudomonas
aeruginosa (PA) clearance in mouse lungs. C57BL6 mice (n=8) were intranasally exposed to PCN (25pug in 50pl, once daily) and
subcutaneously treated with Ex-4 (100 pg/kg, in 50 pl, once daily) or PBS vehicle control (in 50 pl, once daily), for 3 weeks. Mice exposed to
sterile PBS (50 pl daily) were used as baseline control. Lung sections were stained with antibodies against FOXA2 (a), MUC5AC (b), and MUC5B
(), respectively, and visualized by the M.O.M Immunodetection Kits (FOXA2) and the VECTASTAIN ABC Kits (MUC5AC and MUC5B). Ten
representative lung sections were analyzed by using the ImageJ software. a-c The percentage of basal and surface epithelial cells stained
positive for FOXA2, MUC5AC, and MUC5B were compared by one-way ANOVA analysis with Fisher’s exact test. d Simultaneous treatment with
Ex-4 during PCN exposure improves the clearance of PA. C57BL6 mice (n = 8 per cohort) were intranasally exposed to PCN (25 pg, once daily)
for 3 weeks. Mouse cohorts were treated subcutaneously with Ex-4 (100 pg/kg daily, 6 h after each PCN instillation) or PBS. At 48 h after the
completion of PCN exposure/Ex-4 treatment, mice were infected with PAO1 (1 x 10° CFU, Days 1, 3, and 5). Bacterial burden was analyzed on
Day 7. Data are presented as mean + s.e.m.; *p < 0.05 by the Student’s t test. e Ex-4 improves the clearance of bacteria when administered post-
PCN exposure and post-PA infection. C57BL6 mice (n = 8 per cohort) were intranasally exposed to PCN for 3 weeks as described above, except
no Ex-4 was administered. At the end of PCN exposure, mice were infected with 1 x 10° CFU of PAO1 on Days 1, 3, and 5. On Days 6, 7, and 8,
mice were treated with Ex-4 (100 pg/kg, subcutaneous) or PBS, once daily. PA burden in the infected mice was analyzed on Day 9 as described
above. Data are presented as mean +s.e.m.; **p <0.01 by the Student’s t test.
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Fig.4 Ex-4 restores the expression of FOXA2 to attenuate excessive mucins in pyocyanin-exposed normal (NHBE) and diseased (CF-DHBE
and COPD-DHBE) primary airway epithelial cells. Two-week-old, partially polarized air-liquid interface (ALI) cultures of airway cells were
potentiated to differentiate into mucin-secreting goblet cells by exposing to PCN (5 pg/ml) for 24 h in the presence or absence of Ex-4 (1 pM).
a MUC5AC and FOXA2 expression were visualized by immunofluorescence labeling using a confocal microscope, and were processed into 3D
models and Z-stack images. Experiments were performed in triplicates independently three times. Representative images from one replicate
are shown. b Intensity of MUC5AC and FOXA2 expression was determined using the Z-stack images. Densitometry analyses were normalized
against airway cells treated with PBS control (Cont), and mean * s.e.m from three experiments are shown. MUC5AC and FOXA2 expression
were compared by Student’s t test. *p < 0.05, **p < 0.01, ***p < 0.001. NS: not significant. MUC5B results are presented in Fig. S2.
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Fig. 5 Exendin-4 (Ex-4) restores the expression of nuclear FOXA2 in primary airway epithelial cells from normal and diseased lungs.
a Immunofluorescence analysis of FOXA2 in normal human primary airway epithelial (NHBE) cells exposed to pyocyanin (PCN). NHBE cells
were incubated with Ex-4 for 1 h before the addition of PCN. After 24 h, NHBE cells were labeled with anti-FOXA2 antibody, and visualized
using a secondary antibody conjugated to Alexa Fluor 594 (red). Nuclei were stained with DAPI (blue). Experiments were independently
performed three times. Representative images from one experiment are shown. Quantification of fluorescence signal and statistical analysis
are presented in Fig. S7a. b Ex-4 restores the expression of FOXA2 in NHBE cells and in primary airway epithelial cells derived from cystic
fibrosis (CF-DHBE), and large and small airways of chronic obstructive pulmonary disease (COPD-DHBE and COPD-DSAE) lungs. Airway cells
were pretreated with Ex-4 for 1 h prior to addition of PCN for 24 h. Nuclear and cytoplasmic extracts were analyzed for expression of FOXA2.
H3 was used as loading control. Experiments were independently performed three times. Representative Western blots from one experiment
are shown. Densitometry analysis of changes in the expression of nuclear and cytoplasmic FOXA2 were compared by using Student’s t test,
and presented in Fig. S7b-d.

Exendin-4 is an analog of glucagon peptide-1 (GLP-1) belonging
to a group of incretin mimetics approved by FDA for the
treatment of type 2 diabetes mellitus. Exendin-4 binds to the G
protein-coupled glucagon-like peptide-1 receptor (GLP1R) and
activates several pathways including MAPK, B-RAF, cAMP, PKA,
and TORC2 to induce exocytosis, biosynthesis of insulin, as well as
beta-cell proliferation and neogenesis.*’*? In contrast to GLP-1,

SPRINGER NATURE & SOCIETY FOR MUCOSAL IMMUNOLOGY

Exendin-4 is resistant to degradation by dipeptidyl peptidase-4
(DPP-4). Based on an initial report that Exendin-4 increases
expression and binding of FOXA2 to the promoters of its
regulated genes, and induces differentiation of pancreatic duct
cells into endocrine cells,** we investigated the hypothesis that
Exendin-4 could augment FOXA2 expression and restore airway
mucus homeostasis, resulting in reduced PA burden.

Mucosal Immunology (2020) 13:637 -651
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Fig.6 Exendin-4 (Ex-4) inactivates both EGFR and STAT6 signaling pathways that antagonize FOXA2. Cytoplasmic and nuclear proteins of
NHBE, CF-DHBE, and COPD-DHBE cells described in Fig. 5b were probed with normal and phospho-specific antibodies. Expression of total
EGFR, p-EGFR, total AKT, p-AKT, total ERK1/2, or p-ERK1/2 in pyocyanin (PCN)-exposed NHBE cells in the presence or absence of Ex-4.
Expression of total STAT6, p-STAT6, and SPDEF in PCN-exposed NHBE cells in the presence or absence of Ex-4. GADPH and H3 were used for
loading control for cytoplasmic and nuclear proteins, respectively. Experiments were independently performed three times. Representative

Western blots from one experiment are shown.

RESULTS

FOXA2 expression is depleted in the COPD airway epithelium

A limited number of prior studies have shown that FOXA2
expression is depleted in human airways of infants with
bronchopulmonary dysplasia®' and bronchiectasis,®' and in airway
epithelium of asthma patients.>? Here, immunohistochemical (IHC)
staining revealed that FOXA2 expression was severely depleted in
surface airway epithelial cells expressing abundant MUC5AC
and MUC5B in COPD patients with stable disease at both Gold
stage IV (Fig. 1, COPD-lung #1) and Gold stage lll (Fig. 1, COPD-
lung #2, Fig. ST COPD-lung #3). In contrast, airway epithelium from
control healthy lungs maintained FOXA2 expression in both
surface and basal airway epithelia without significant MUC5AC
and MUCS5B expression. In addition, FOXA2 expression was
retained in COPD airway basal epithelial cells not expressing
mucins (Fig. 1; Fig. S1).

PA infection depletes airway FOXA2 and induces mucin
overexpression, and is dependent on its ability to produce
pyocyanin

Previously, we had shown that chronic bronchitis infection by
PA'®** and chronic exposure to pyocyanin'*"'” induced goblet
cell hyperplasia and metaplasia and mucus hypersecretion in
mouse airways. In additiona, the pyocyanin-deficient mutant
AphzS induced less mucin expression when compared with the
parental wild-type strain PAO1.'® However, the impact of PA
infection on FOXA2 expression has not been determined. All mice
infected with PAO1 (n=28) developed robust goblet cell
hyperplasia and metaplasia with abundant mucin expression
indicated by positive staining with periodic acid-Schiff (PAS),
MUC5AC, and MUC5B (Fig. 2a-c, blue arrows). In contrast, AphzS
(n=8) induced low levels of mucins in only 2 mice, and was
absent in the remaining six mice. PAO1 infection severely
depleted FOXA2 expression in the airway surface epithelial goblet
cells (Fig. 2d, blue arrows), which remained highly expressed in

Mucosal Immunology (2020) 13:637 - 651

the basal epithelial cells. In contrast, FOXA2 expression was
retained in both surface and basal epithelial cells of AphzS-infected
airways (Fig. 2d, red arrows). Furthermore, elevated expression of
secreted MUC5AC and MUC5B was confirmed in the bronchoal-
veolar lavage fluid (BALF) of PAO1-infected mice (n=3) when
compared with AphzS-infected mice (n = 3) (Fig. 2e). These results
indicate that pyocyanin is a major inducer of goblet cell
hyperplasia and metaplasia and mucus hypersecretion in PA-
infected airways through inhibition of FOXA2.

Exendin-4 restores the expression of FOXA2 and reduces mucin
expression in pyocyanin-exposed lungs and attenuates PA burden
Next, we examined whether Exendin-4 could augment FOXA2
expression and restore mucus homeostasis, which could improve
the mucociliary clearance of PA in a mouse model of chronic
bronchitis infection.'®** The expression of FOXA2, MUC5AC, and
MUC5B was not altered in mouse airways exposed to sterile PBS
(Fig. 3a-c, blue arrows). In contrast, mouse airways exposed to
pyocyanin and subcutaneously treated with PBS showed exten-
sive FOXA2 depletion in the surface epithelial cells (Fig. 3a, PCN
CNPBS, blue arrows) but not in basal epithelial cells (Fig. 3a,
red arrows), with elevated MUC5AC and MUCS5B expressions
(Fig. 3b, ¢, blue arrows). Importantly, in the pyocyanin-exposed
airways treated with Exendin-4, the expression of FOXA2 was
restored (Fig. 3a, blue arrows), accompanied by reduced expres-
sion of MUC5AC (Fig. 3b, blue arrows) and MUC5B (Fig. 3¢, blue
arrows). In addition, simultaneous treatment of pyocyanin-
exposed mice with Exendin-4 reduced the bacterial burden in
mouse lungs infected with PA strain PAO1 by 2.1 logs (Fig. 3d).
Similarly, Exendin-4 administered post infection also attenuated
PAO1 burden by 2.4 logs in mouse lungs pre-exposed to 3-week
pyocyanin exposure (Fig. 3e). These results indicate that restora-
tion of FOXA2 expression by Exendin-4 attenuates excessive
mucus production, which improves mucociliary clearance of PA in
diseased airways.
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Restoration of FOXA2 by Exendin-4 inhibits the induction of
airway mucins by pyocyanin in diseased human primary bronchial
epithelial cells

As discussed above, excessive mucus is detrimental to patients
with bronchiectasis diseases. Therefore, we evaluated if Exendin-4
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could restore the expression of FOXA2 to reduce mucin
production in pyocyanin-exposed normal (NHBE), CF (CF-DHBE),
and COPD (COPD-DHBE) primary bronchial epithelial cells cultured
at the air-liquid interface (ALl), respectively (Fig. 4a, b).
Unchallenged NHBE, CF-DHBE, and COPD-DHBE cells expressed
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Fig. 7 Exendin-4 (Ex-4) restores GLP1R-PPAR-y-PTEN signaling disrupted by pyocyanin. a Mouse lung sections exposed to pyocyanin (PCN)
for 3 weeks and treated with Exendin-4 or PBS vehicle control (from Fig. 3) were stained with periodic acid-Schiff (PAS) or by
immunohistochemistry (IHC) with anti-GLP1R antibody. The number of PAS- and GLP1R-positive cells were compared between various
treatments by using one-way ANOVA analysis with Fisher’s exact test. p <0.01, p<0.001. NS not significant. b Western blot analysis of GLP1R,
PPAR-y, PTEN, and FOXA2 expression in cell lysate from NHBE, CF-DHBE, and COPD-DHBE cells pre-exposed to Ex-4 for 1 h before the addition of
PCN (5 pg/ml). ¢ Western blot analysis of GLP1R, PPAR-y, PTEN, and FOXA2 in cell lysate from NHBE cells pretreated with Troglitazone (Tro) for 1 h
before the addition of PCN (5 pg/ml) for 24 h. d Competitive inhibition of GLP1R binding abolishes the protective role of Exendin-4 in NCI-H292
cells. The cells were co-incubated for 2 h with Exendin-4 together with either anti-GLP1R antibody or control mouse IgG, and then exposed to
5pg/ml PCN for 24 h. Cytosolic and nuclear proteins were prepared to detect the expression of MUC5AC, MUC5B, GLP1R, and FOXA2.
Densitometric analysis indicated the intensity of MUC5AC and MUC5B expressions. GADPH was used as a loading control for GLP1R and PTEN.
H3 was used as loading control for PPAR-y and FOXA2. Experiments were independently performed three times. Representative western blots

< from one experiment are shown. MUC5AC and MUC5B expression were compared by Student’s t test. **p < 0.01, ***p < 0.001. NS not significant.

only basal levels of mucins. In contrast, pyocyanin increased the
expression of MUC5AC and MUC5B in NHBE cells (Fig. 4a, b;
Fig. S2a, b). Significantly, pyocyanin also induced MUC5AC and
MUC5B expression in both CF-DHBE and COPD-DHBE cells (Fig. 4a,
b; Fig. S2a, b). FOXA2 expression was depleted by 50-70% in
pyocyanin-exposed NHBE and CF-DHBE and COPD-DHBE cells, but
significantly, was restored by Exendin-4 treatment. Restoration of
FOXA2 was associated with significant attenuation of MUC5AC
and MUC5B expression in normal and diseased airway epithelial
cells (Fig. 4a, b; Fig. S2a, b).

Because FOXA2 is a transcriptional factor, we examined whether
restoration of FOXA2 expression by Exendin-4 could inhibit the
transcription of MUC5AC and MUC5B genes in pyocyanin-exposed
NHBE, CF-DHBE, COPD-DHBE cells, and small airway primary cells
from COPD lungs (COPD-DSAE). Real-time qRT-PCR analysis
indicated that pyocyanin exposure increased MUC5AC and MUC5B
transcripts in both normal and diseased human airway cells.
Treatment of airway cells with Exendin-4 (1 pM) significantly
reduced the expression of both mucin genes (Fig. S3a-c).

Next, we examined whether restoration of FOXA2 expression by
Exendin-4 inhibited excessive mucin expression. Only basal levels
of intracellular mucins (total cell lysates, Fig. S4a—c) and secreted
mucins (culture supernatants, Fig. S5a-c) were detected in NHBE,
CF-DHBE, and COPD-DHBE and COPD-DSAE cells exposed to PBS
vehicle control and Exendin-4 alone. In contrast, pyocyanin
induced a robust increase in intracellular and secreted MUC5AC
and MUC5B, by 8.0- and 4.3-fold, respectively, in NHBE cells
(Fig. S4a, Fig. S5a), by 4.9- and 3.4-fold in CF-DHBE cells (Fig. S4b,
Fig. S5b), and by 5.5- and 3.4-fold increase of MUC5AC in both
COPD-DHBE and COPD-DSAE cells (Fig. S4c, Fig. S5c¢), respectively.
Importantly, Exendin-4 significantly decreased the expression of
intracellular and secreted MUC5AC and MUC5B in all airway cells
exposed to pyocyanin (Fig. S4a-c; Fig. S5a—c). These results were
further validated using the immortalized human lung mucoepi-
dermoid carcinoma NCI-H292 cell line where Exendin-4 robustly
attenuated the amount of intracellular mucins induced by
pyocyanin (Fig. S6a, b). Collectively, these results indicate that
Exendin-4 inhibits mucin induction by pyocyanin in both normal
and diseased airway cells.

Exendin-4 restores nuclear localization and expression of FOXA2 in
diseased human primary bronchial epithelial cells

As a transcription factor, the active form of FOXA2 resides within
nuclei. When FOXA2 is phosphorylated at the threonine residue
T156, nuclear FOXA2 translocates to the cytoplasm for degrada-
tion.**™* In NHBE cells exposed to PBS, most FOXA2 remained in
the nuclei (Fig. 5a; Fig. S7a) showing proper localization for
function. In contrast, in pyocyanin-exposed NHBE cells, FOXA2 was
distributed throughout the cytoplasm for degradation. However,
pyocyanin-exposed NHBE cells treated with Exendin-4 showed
restored nuclear localization of FOXA2 (Fig. 5a; Fig. S7a). Western
blotting analysis confirmed that in PBS-exposed NHBE cells,
majority of FOXA2 resides within the nuclear fraction, but was
severely depleted in the nuclear fraction from cells exposed to
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pyocyanin (Fig. 5b; Fig. S7b). Importantly, Exendin-4 restored the
nuclear FOXA2 expression, accompanied by reduction of cyto-
plasmic FOXA2 (Fig. 5b; Fig. S7b). Similarly, Exendin-4 increased
the expression of nuclear FOXA2 in pyocyanin-exposed NHBE
cells, CF-DHBE cells, COPD-DHBE, and COPD-DSAE cells (Fig. 5b;
Fig. S7¢, d). Similar results were obtained in the NCI-H292 cells
(Fig. S7e, f). Collectively, these results indicate that Exendin-4
effectively restores nuclear FOXA2 expression in both normal and
diseased airway epithelial cells exposed to pyocyanin.

Exendin-4 inhibits EGFR-AKT/ERK1/2 and STAT6-SPDEF signaling
pathways that antagonize FOXA2

Previously, we have demonstrated that pyocyanin activates EGFR-
MEK1/2-ERK1/2,">"®  EGFR-PI3K-AKT,'®*® and IL-13/IL-4-STAT6-
SPDEF signaling pathways,'*'>'® which convergently inhibit
FOXA2 expression. Therefore, we examined whether Exendin-4
interfered with the induction of these anti-FOXA2 kinase cascades.
Pyocyanin increased the levels of p-EGFR, p-ERK1/2, and p-AKT, as
well as pSTAT6 and SPDEF in NHBE, CF-DHBE, and COPD-DHBE
and COPD-DSAE cells, while Exendin-4 treatment significantly
decreased these expressions (Fig. 6). Similar results were observed
in the NCI-H292 cells (Fig. S8a, b). These results indicate that
Exendin-4 restores the expression of FOXA2 and mucus home-
ostasis by inhibiting the phosphorylation and activation of EGFR-
MEK1/2-ERK1/2, EGFR-PI3K-AKT, and STAT6-SPDEF anti-FOXA2
kinase cascades.

Exendin-4 restores the expression of FOXA2 through the GLP1R-
PPAR-y-PTEN/PTP1B axis

Recently, Exendin-4 was shown to reduce mortality and improve
lung function in a mouse model of obstructive lung disease.*
However, the effect of Exendin-4 on FOXA2 was not investigated.
Because Exendin-4 induces dephosphorylation of key kinases
within both EGFR and STAT6 cascades (Fig. 6; Fig. S8), we
hypothesize that binding of Exendin-4 to GLP1R upregulates
downstream phosphatases that dephosphorylate p-EGFR, p-ERK1/
2, p-AKT, and pSTAT6. Our hypothesis is supported by evidence
derived from other systems showing that both Exendin-4 and
GLP-1 could induce the expression of PPAR-y,>**! which positively
regulates the expression of phosphatase and tensin homolog
(PTEN) and protein tyrosine phosphatase 1B (PTP1B). PTEN
dephosphorylates  phosphatidylinositol  (3,4,5)-trisphosphate
(PIP3) important for phosphorylation of AKT, p-EGFR, pJAK-pSTAT,
and p-ERK1/2, whereas PTP1B dephosphorylates both pSTAT6 and
p-EGFR>*7®" We examined whether Exendin-4 could augment the
expression of GLP1R-PPAR-y-PTEN/PTP1B-FOXA2 during pyocya-
nin challenge. IHC analysis indicated that GLP1R was strongly
expressed in surface epithelium of normal mouse airways (Fig. 7a,
PBS, black arrow). In contrast, mouse airways exposed to
pyocyanin and treated with PBS (PCN CNPBS) developed goblet
cell hyperplasia and metaplasia with excessive mucin production
(PAS-stained cells) and severe depletion of GLP1R (Fig. 7a, black
arrow). Importantly, Exendin-4 restored the expression of GLP1R
and inhibited excessive mucin expression in the mouse airways
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exposed to pyocyanin (Fig. 7a). The IHC results were confirmed by
Western blotting analyses of both healthy and diseased primary
airway epithelial cells where pyocyanin severely reduced the
expression of GLP1R, as well as PPAR-y and PTEN (Fig. 7b). In
contrast, Exendin-4, as well as the PPAR-y agonist, Troglitazone,

SPRINGER NATURE & SOCIETY FOR MUCOSAL IMMUNOLOGY

restored the expression of GLP1R, PPAR-y, PTEN, and FOXA2 in
both normal and diseased airway cells during pyocyanin
challenge (Fig. 7b, c). Similarly, Exendin-4 restored the expression
of GLP1R, PPAR-y, and PTEN in pyocyanin-exposed NCI-H292 cells
(Fig. S9a, b).
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Fig. 8 Exendin-4 (Ex-4) enhances the interaction between PTP1B-EGFR and PTP1B-STAT6. Co-immunoprecipitation (co-IP) analyses were
performed using total cell lysates (2-5mg) from NCI-H292 cells exposed to pyocyanin (PCN) with or without Ex-4 treatment. a PTP1B
expression in NCI-H292 cells exposed to PCN in a dose-dependent manner. Protein expression was detected by anti-PTP1B antibody. b PTP1B
expression in NCI-H292 and NHBE cells treated with PCN in the presence or absence of Ex-4. ¢ Ex-4 restores the cAMP levels in NHBE cells
exposed to PCN through GLP1R. cAMP production between various treatments was compared by Student’s t test. Data represent mean + s.e.m
from three experiments. *p < 0.05, **p < 0.01, ***p <0.001. NS not significant. d Ex-4 restores the interactions between catalytic subunits
(PKAa/p/y) of protein kinase A (PKA) with PTP1B during PCN exposure. PKA-interacting proteins were pulled down using the PKA substrate
and probed with antibody against PTP1B to verify the presence of the protein. e Ex-4 inhibits the interaction between AKT and PTP1B. The
AKT-PTP1B complex was pulled down using the anti-PTP1B antibody and probed with antibody against AKT. Total PTP1B was used as loading
control. Densitometry analyses in d, e represent mean + s.e.m from three experiments, and were compared by Student’s t test. ***p 0.001. NS:
not significant. f, g Ex-4 promotes the interaction between PTP1B-EGFR and PTP1B-STAT6. PTP1B was IP by using the anti-PTP1B antibody and
analyzed by protein blotting with anti-EGFR or anti-STAT6 antibodies. Conversely, STAT6 and EGFR were IP by anti-STAT6 and anti-EGFR
antibody, respectively, and analyzed by Western blotting with anti-PTP1B antibody. Experiments were independently repeated three times.
Representative Western blots are shown. Protein expression was examined by ImagelJ, and analyzed for statistical significance by Student’s

t test. Mean + s.e.m from three experiments are shown. ***p < 0.001, **p < 0.01, *p < 0.1, NS: not significant.

To definitively demonstrate that Exendin-4 acts through GLP1R,
we performed competitive binding assay by adding GLP1R-
specific antibody together with Exendin-4 in NCI-H292 cells. It was
previously reported that specific binding of antibody to the
extracellular domain (aa 24-145) of GLP1R blocks the binding of
GLP-1 to GLP1R.°? We used a selective anti-GLP1R antibody that
recognizes similar epitope (aa 94-145) to conduct competitive
binding assay. Significantly, anti-GLP1R antibody abrogated the
ability of Exendin-4 to restore FOXA2 expression, and to inhibit
MUC5AC and MUCS5B expression (Fig. 7d). Collectively, these
results indicate that Exendin-4 restores FOXA2 function and
attenuates excessive mucins by activating GLP1R-PPAR-y-PTEN
signaling.

Exendin-4 increases the physical interactions between PTP1B and
its target kinases
Next, we examined whether pyocyanin alters the expression of
PTP1B, and if the inhibition can be rescued by Exendin-4. Western
blot analyses showed that neither pyocyanin nor Exendin-4 altered
the expression of PTP1B appreciably in both NCI-H292 and NHBE
cells (Fig. 8a, b). Previously, it was shown in other systems that the
PTP1B activity can be upregulated by cAMP-activated protein kinase
A (PKA)®® but inhibited by AKT.** Because GLP1R regulates the
intracellular cAMP levels and PKA activity,®>®® we examined
whether Exendin-4 treatment increased the cAMP levels and PKA
activity to activate PTP1B, which in turn, could dephosphorylate
kinases in both EGFR and STAT6 signaling pathways. In addition, we
examined if cAMP levels and PKA induction was dependent on
GLP1R, by using the antibody-dependent blocking. In NHBE cells,
pyocyanin reduced cAMP levels, which was restored by Exendin-4
(Fig. 8c). Competitive blocking of GLP1R with antibody abolished
the ability of Exendin-4 to restore intracellular cAMP (Fig. 8c),
indicating that regulatory effects of Exendin-4 are triggered through
the GLP1R signaling (Fig. 7d; Fig. 8c). In addition, we used phospho-
PKA substrate antibody to detect proteins that interacted with the
catalytic subunits of PKA. Due to the requirement of large-quantity
proteins for co-immunoprecipitation assays, protein—protein inter-
actions were analyzed in the NCI-H292 cells. Western blot analysis
indicated that immunoprecipitation by phospho-PKA substrate
antibody pulled down PTP1B (Fig. 8d). The results showed that
Exendin-4 significantly restored the binding of PKAa/B/y catalytic
subunits to PTP1B compared with pyocyanin treatment alone
(Fig. 8d). In contrast, Exendin-4 downregulated the interaction
between AKT and PTP1B, which was elevated by pyocyanin (Fig. 8e).
Next, we used co-immunoprecipitation to examine whether
pyocyanin and Exendin-4 could modulate PTP1B-EGFR and PTP1B-
STAT6 interactions in the NCI-H292 cells. Pyocyanin treatment
reduced the protein-protein interaction between PTP1B-EGFR
(Fig. 8f) and between PTP1B-STAT6 (Fig. 8g). Notably, Exendin-4
restored the interaction between PTP1B-EGFR (Fig. 8f) as well as
PTP1B-STAT6 (Fig. 8g). Collectively, these results indicate that
Exendin-4 restores FOXA2-mediated airway mucus homeostasis
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by augmenting the GLP1R-dependent PTEN and PTP1B to
dephosphorylate key kinases within p-EGFR-p-AKT/p-ERK1/2 and
pSTAT6-SPDEF signaling cascades.

The PPAR-y agonist Troglitazone reduces the levels of
phosphorylated kinases in EGFR and STAT6 pathways

To confirm that Exendin-4-activated PTEN and PTP1B will inhibit
key kinases within both EGFR and STAT6 pathways, we examined
if the PPAR-y agonist Troglitazone could modulate the levels of
p-EGFR, p-ERK1/2, p-AKT, and pSTAT6. Troglitazone inhibited
induction of p-EGFR, p-ERK1/2 and p-AKT (Fig. 9a), and pSTAT6-
SPDEF (Fig. 9b) by pyocyanin in NHBE cells. Inhibition of p-EGFR,
p-ERK1/2 and p-AKT, and pSTAT6-SPDEF by Troglitazone were
accompanied by significant reductions in MUC5AC and MUC5B
expression (Fig. 9¢, d). Similar results were obtained in the NCI-
H292 cells (Fig. S10a-d). Importantly, Troglitazone also restored
physical interactions between PTP1B-EGFR (Fig. 9e) and PTP1B-
STATG (Fig. 9f) in the NCI-H292 cells. Together, these results further
validate the findings that Exendin-4 activates GLP1R-dependent
PTEN and PTP1B that dephosphorylate key kinases within both
pro-goblet cell hyperplasia and metaplasia, EGFR, and STAT6 anti-
FOXA2 cascades, leading to restoration of FOXA2 expression and
mucus homeostasis.

DISCUSSION

FOXA2 inactivation is an important contributor to mucus
hypersecretion in diseased airways, including bronchopulmonary
dysplasia, bronchiectasis, asthma,®'*? and COPD (Figs. 1, 4-6;
Figs. S1-S5). In this study, we employ human COPD airway tissues,
normal and CF, and COPD-diseased human primary bronchial
epithelial cells, immortalized NCI-H292 cells, as well as mouse
models to examine the feasibility of repurposing Exendin-4, an
incretin mimetic, to restore FOXA2 function and mucus home-
ostasis. We found that FOXA2 expression is depleted in the airway
surface epithelia of COPD-lung-overexpressing mucus. As sum-
marized in Fig. 10, our mechanistic studies reveal that Exendin-4
restores the expression of FOXA2 and mucus homeostasis by
activating GLP1R-PKA-PPAR-y-dependent phosphatases PTEN and
PTP1B, which then dephosphorylate and inhibit key kinases within
pro-goblet cell hyperplasia and metaplasia signaling pathways
EGFR-AKT/ERK1/2 and STAT6-SPDEF.

Despite its importance in regulating mucus homeostasis,
alveolarization, Th1-Th2 immune responses in the lung,®' ¢ and
reduced expression in lungs with chronic diseases,®'*? no drug is
currently available to restore FOXA2 function. A previous study has
shown that GLP-1 analogs, liraglutide and Exendin-4, reduce
mortality and improve lung function in an acute obstructive lung
disease-induced mouse model.*?

However, this improvement appears to be unrelated to
modulation expression of lung surfactants or attenuation of lung
inflammation and airway mucus, but rather, through relaxation of

SPRINGERNATURE &%) SOCIETY FOR MUCOSAL IMMUNOLOGY

647



Exendin-4 restores airway mucus homeostasis through the...

W Choi et al.
648
a NHBE c NHBE
PCN (ug/ml) 0 5 0 5 PCN (ug/ml) 0 5 0 5
Tro (uM) 0 0 10 10 Tro (uM) 0 0 10 10

PEGFR g + W% s 0
Tl EGFR e i —

MUC5AC

PERK1/2

270KDa ey

bia
“

- &

-‘a

L S -
Total ERK1/2 e . -
PAKT e

MUC5B

Total AKT S S S S
GAPDH 4D "D - o 270 kD2 mm

GAPDH —
b NHBE d
NS NS
PCN (ug/ml) 0 5 0 5 o — 4n
Tro(uM) O 0 10 10 = 4 4 ser sss NS B xx axx NS
S a1 Q aqrrari
pSTATG‘Q“.‘O‘ 33 E
‘© ‘o 2
2 2 g
Total STATE s il Sl S s g
‘ : S 1 s M
\ o o
SPDEF " o L oo
- PCN(ug/m) 0 5 0 5 PCN(ugm) 0 5 0 5
H3 - e e Tro(uM) 0 0 10 10 Tro(uM) 0 0 10 10
e NCI-H292 f NCI-H292
e [Premees) PCN(ug/m) 0 5 5 o 124 =
PCN (ug/m) 0 5 5 s 12 4 5= (ug/mi) 2 m
TowM) 0 0 10 © Tro(uM) 0 0 10 © s
. o o8 IP: STAT6 o
IP: EGFR 8 . - g
we:prri R . 5 we:prric [ 2 o4
o [&]
Total PTP1E Weammm = ¢ Total PTP1E WA ©
[ w 0
SISl — 0 Total STATG WS oo\ (1o/m)0 5 5

PCN (ug/ml)0 5 5

GAPDH W— GAPDH (E———
Tro(UM) 0 0 10 Tro(uM) 0 0 10

Fig. 9 The PPAR-y agonist Troglitazone (Tro) restores FOXA2 expression and attenuates mucin overexpression by inhibiting EGFR
and STAT6 signaling. Normal primary human bronchial epithelial (NHBE) cells were pre-exposed to Tro for 1h before the addition
of pyocyanin (PCN) for 24 h. a Western blot analysis of EGFR signaling in cell lysate of NHBE cells. Total EGFR, p-EGFR, total AKT, p-AKT,
total ERK1/2, and p-ERK1/2 were probed with specific antibodies. b Western blot analysis of STAT6 signaling in cell lysate of NHBE cells probed
with antibodies against STAT6, p-STAT6, and SPDEF. ¢ Western blot analysis of MUC5AC and MUC5B in the cytoplasmic extracts of NHBE
cells treated with PCN in the presence or absence of Tro. Proteins were separated in agarose-acrylamide gels. d Densitometry analyses of
mucin expression shown in ¢ normalized against airway cells treated with PBS vehicle, and represent mean + s.e.m from three experiments,
and were compared by Student’s t test. ***p < 0.001. NS not significant. e, f Co-immunoprecipitation (co-IP) analysis between PTP1B-EGFR and
between PTP1B-STAT6 in PCN-exposed NCI-H292 cells treated with PPAR-y agonist Troglitazone (Tro). Cells were pretreated with Tro for 1 h
before exposure to PCN for 24 h. Total cell lysates (5mg) were used for co-IP. Protein complex was IP by anti-STAT6 and anti-EGFR
antibody, respectively, and analyzed by protein blotting with anti-PTP1B antibody. Experiments were independently repeated three times,
and representative Western blots are shown. Densitometry of co-IP proteins was performed using the ImageJ software, and normalized
against airway cells treated with PBS vehicle. Mean + s.e.m from three experiments are shown as analyzed by the Student’s t test. ***p < 0.001,
**p <0.01, *p < 0.1, NS not significant.

airway muscle cells. The authors did not examine the mucus ovalbumin and LPS* versus our chronic model of pyocyanin
phenotypes in detail, and more importantly, the role of FOXA2 was exposure. Further investigation is needed to elucidate the exact
not investigated. Our results indicate that Exendin-4 reactivates role of Exendin-4 in combating pathological challenges in different
FOXA2 and restores mucus homeostasis. The reason underlying experimental disease models. Our finding that the PPAR-y agonist
the discrepancy between these two studies could be caused by the Troglitazone restores FOXA2 to attenuate mucin expression is
acute lung obstruction model employing a combination of similar to the report showing that activated PPAR-y inhibits the
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Fig. 10 Proposed model of restoration of FOXA2-mediated mucus homeostasis by Exendin-4 and Troglitazone. Exendin-4 binds and
activates GLP1R-dependent PKA and PPAR-y, which in turn, activates PTEN and PTP1B phosphatases. PTEN and PTP1B dephosphorylate key
kinases within both STAT6 and EGFR signaling pathways, relieving FOXA2 to inhibit SPDEF and maintain airway mucus homeostasis.
Troglitazone directly induces PPAR-y to activate PTEN and PTP1B, which inhibit STAT6 and EGFR signaling.

induction of mucin production by cigarette smoke extract.®” These
published studies, together with the current results, suggest the
possibility of repurposing Exendin-4 and other incretin mimetics to
restore FOXA2 function in chronic lung diseases. As we have
demonstrated, improved mucus status will likely lead to better
mucociliary function, resulting in better clearance of microbial
pathogens. Because Exendin-4 is not an antimicrobial, the selection
pressure for emergence of resistance is minimal. In addition,
restoration of FOXA2-mediated mucus homeostasis will improve
the penetration and efficacy of aerosolized antibiotics and other
drugs in chronically diseased airways.

Despite many of the aforementioned advantages, prolonged
usage of Exendin-4 has been purported to decrease appetite,
increase the risks of temporary weight loss, and gastrointestinal
discomfort, and is inconclusively linked to heart attack, pancrea-
titis, and thyroid and pancreatic cancers.®®’® The appetite-
suppressing effect of Exendin-4 may render it unsuitable for
long-term administration to CF patients who have reduced ability
to absorb nutrients, which warrants further study of aerosolized
Exendin-4 in combination with antibiotics during episodes of
exacerbation. Similarly, aerosolization of Exendin-4 with or without
antibiotics during acute exacerbation may mitigate systemic
toxicity in nondiabetic bronchiectasis patients. Additional FDA-
approved incretin mimetics such as liraglutide, lixisenatide, or
albiglutide, as well as DPP-4 inhibitors (Sitagliptin and Saxaglip-
tin)”"! should also be examined for their ability to augment FOXA2
expression.

The roles of GLP1R in normal and chronically diseased airways
are poorly understood. Here, we show that Exendin-4 alleviates
the repression of GLP1R by pyocyanin in human airway epithelial
cells, and in mouse lungs. Two recent studies suggest that GLP1R

Mucosal Immunology (2020) 13:637 - 651

repression is likely mediated through endoplasmic reticulum (ER)
stress’? induced by PA virulence factors.”® Our results suggest that
Exendin-4 relieves the inhibitory effects of pyocyanin-induced ER
stress to restore GLPT1R expression, which in turn, activates
downstream phosphatases to inhibit both EGFR-AKT/ERK1/2 and
STAT6-SPDEF cascades. In this capacity, CAMP, PKA, and PPAR-y
seem to be critical in bridging the activation of GLP1R-PKA-PPAR-
y-dependent phosphatases, including PTEN and PTP1B. The
importance of PPAR-y is supported by finding that another one
of its agonists, Rosiglitazone, could inhibit cigarette smoke-
induced MUC5AC through restoration of nuclear PPAR-y and
PTEN expression.®” Similarly, 15-hydroxyeicosatetraenoic acid also
restores the expression of PPAR-y and PTEN to inhibit MUC5AC
gene expression in airway epithelial cells induced by phorbol-12-
myristate-13-acetate.”* Our study, which demonstrates that both
Exendin-4 and Troglitazone restore the expression of GLP1R,
PPAR-y, and PTEN, and increase the interaction between PTP1B
with PKA, STAT6, and EGFR in airway epithelial cells, is consistent
with the aforementioned studies showing that PTEN and PTP1B
dephosphorylate pSTAT6 and p-EGFR to aid in mucus homeostasis
through FOXA2.

A previously published study has shown that redox inactivation
of PTP1B results in aggravated inflammatory responses in COPD,
but oxidized PTP1B could be reactivated by glutathione (GSH),
enhancing its phosphatase capacity.”> In addition, GSH-deficient
hepatocytes have higher levels of oxidized PTP1B with weaker
phosphatase activity.”® Furthermore, PPAR-y activation increases
the expression of glutamate-cystein ligase (GCL) that prevents
oxidative stress in hepatic stellate cells.”® GCL catalyzes the first
and rate-limiting step during the de novo biosynthesis of GSH
involving the ATP-dependent condensation of cysteine and
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glutamate to form the dipeptide gamma-glutamylcysteine (y-
GCS). Previously, we have shown that upon exposure to
pyocyanin, NCI-H292 cells upregulate the expression of nuclear
factor (erythroid-derived 2)-like 2 (NRF2) to confer protection
against oxidative stress by inducing the expression of y-GCSh
(encoding a heavy subunit of GCL), as well as NQOT (encoding
NAD(P)H dehydrogenase [quinone] 1), which detoxifies quinones
and their derivatives, and protects cells against redox cycling and
oxidative stress.*® Taken collectively, it is likely that oxidative
depletion of GSH by pyocyanin also inactivates PTP1B in airway
epithelial cells, and reduces interaction between PTP1B and EGFR
or STAT6. Therefore, restoration of PTP1B-EGFR and PTP1B-STAT6
interactions by Exendin-4 and Troglitazone is also likely to be
mediated by restoration of the GSH levels through the PPAR-y
activation.

In summary, unraveling the efficacy and mechanism of Exendin-
4 in restoring FOXA2 function will pave the way for using incretin
mimetics as adjunctive therapies against excessive mucus, and
improving mucociliary clearance of pathogens. Moreover, reduced
mucus will improve the penetrance and efficacy of other drugs for
COPD, CF, and asthma, where excessive mucus is a major
contributor to morbidity and mortality.

METHODS
Experimental materials and methods, including PA strains and
infection, pyocyanin exposure, molecular, and cellular methods,
were as we and others have previously published'#"719274448
Detailed methods are provided in the online Supplementary
Document.
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