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IL13 activates autophagy to regulate secretion in airway epithelial cells
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ABSTRACT
Cytokine modulation of autophagy is increasingly recognized in disease pathogenesis, and current
concepts suggest that type 1 cytokines activate autophagy, whereas type 2 cytokines are inhibitory.
However, this paradigm derives primarily from studies of immune cells and is poorly characterized in
tissue cells, including sentinel epithelial cells that regulate the immune response. In particular, the type 2
cytokine IL13 (interleukin 13) drives the formation of airway goblet cells that secrete excess mucus as a
characteristic feature of airway disease, but whether this process is influenced by autophagy was
undefined. Here we use a mouse model of airway disease in which IL33 (interleukin 33) stimulation leads
to IL13-dependent formation of airway goblet cells as tracked by levels of mucin MUC5AC (mucin 5AC,
oligomeric mucus/gel forming), and we show that these cells manifest a block in mucus secretion in
autophagy gene Atg16l1-deficient mice compared to wild-type control mice. Similarly, primary-culture
human tracheal epithelial cells treated with IL13 to stimulate mucus formation also exhibit a block in
MUC5AC secretion in cells depleted of autophagy gene ATG5 (autophagy-related 5) or ATG14 (autophagy-
related 14) compared to nondepleted control cells. Our findings indicate that autophagy is essential for
airway mucus secretion in a type 2, IL13-dependent immune disease process and thereby provide a novel
therapeutic strategy for attenuating airway obstruction in hypersecretory inflammatory diseases such as
asthma, chronic obstructive pulmonary disease, and cystic fibrosis lung disease. Taken together, these
observations suggest that the regulation of autophagy by Th2 cytokines is cell-context dependent.
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Introduction

Autophagy may be induced by stress from starvation,
pathogens, or cytokine signals. Of these, cytokines are
increasingly recognized as potent modulators of autophagy,
capable of both activation and inhibition during inflamma-
tion.1,2 Cytokine regulation of autophagy may occur as a
component of the immune response to pathogens or in
noninfectious disorders such as atherosclerosis or malig-
nancy.3-5 In response to pathogen invasion or a “danger sig-
nal” TNF (tumor necrosis factor), IFNA1 (interferon, a 1),
IFNB1 (interferon, b 1), IFNG (interferon, gamma), IL6
(interleukin 6) and TGFB1 (transforming growth factor, b
1) stimulate autophagy, while other data suggests that Th2
cytokines, including IL13 (interleukin 13) can inhibit
autophagy.2,6 In these cases, modulation of autophagy by
IL13 is in the context of the macrophage and infection with
mycobacterium or parasites.7,8

The actions of cytokines in the lung are widely investigated
because of the interface of the airway with the environment,
the susceptibility of the lung to infection, and the burden of
chronic inflammatory airway diseases, particularly asthma and
chronic obstructive pulmonary disease (COPD).9,10 As an
experimental model, the lung is ideal for the study of

inflammatory responses due to the ease of direct delivery of
cytokines to the airway in vivo and the ability to assay cultured
primary airway epithelial cells in vitro. Using approaches simi-
lar to these, our group has recently demonstrated that airway
epithelial cell IL33 (interleukin 33) leads to IL13 production
and lung pathology in a mouse model and in cells obtained
from patients with COPD.11-14

IL13 is a Th2-type cytokine that is elevated in COPD as
well as in asthma and other lung diseases.11,15-17 In the air-
way, IL13 regulates the differentiation of epithelial cells to
goblet cells via intracellular signaling through the IL4R
(interleukin 4 receptor) and IL13RA1 (interleukin 13 recep-
tor, a 1) receptor heterodimer and STAT6 (signal trans-
ducer and activator of transcription 6).12,13 Functionally,
IL13 has been postulated to increase both intracellular oxi-
dant stress and the secretion of MUC5AC (mucin 5AC,
oligomeric mucus/gel forming), the dominant gel forming
mucin in airway epithelial cells. Airway epithelial cells
treated with IL13 have increased oxidant activity,18,19 higher
numbers of MUC5AC-expressing cells and more MUC5AC
secreted in the apical media.11,20 The mechanism utilized by
the goblet cell to adapt to the stress of IL13-mediated accel-
eration in activity is not known.
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Our current understanding of mucin formation and secre-
tion has been gathered from observation of both nonmam-
malian and mammalian models and particularly in the
intestine.21,22 However, less is known about the regulation of
airway-specific secretory processes. In airway epithelial cells,
MUC5AC secretion is considered an adaptive response to
environmental stimuli such as respiratory viruses,23 airway
allergens,24 and cigarette smoke.25 We, and others, have
demonstrated a requirement of autophagy for cell secretion
of VWF (Von Willebrand factor) from endothelial cells,26

lysozyme from intestinal Paneth cells,27 and MUC2 from
colonic goblet cells.28,29 In each case, secretion requires the
participation of ATG7 (autophagy-related 7), the ATG12–
ATG5 conjugate and ATG16L1 (autophagy-related 16-like 1
[S. cerevisiae]) for autophagosome maturation and fusion. In
the colon, autophagy proteins are required for both the gen-
eration of lipopolysaccharide-induced reactive oxygen species
(ROS) and secretion of MUC2 from goblet cells.

Given the parallel structure and function of airway and
colonic goblet cells, we hypothesized that autophagy is essential
as a response for IL13-mediated oxidative stress and secretion
of MUC5AC in airway epithelial cells. To test this hypothesis,
we assayed autophagy proteins in primary-culture human air-
way epithelial cells in the presence of IL13 and then assessed
the effect on goblet secretion by silencing autophagy genes
using RNAi. Contrary to the role of IL13 on autophagy in
immune cells, our findings indicate that in airway epithelial
cells, autophagy is activated. This activity is required for the
dominant features of chronic lung disease, IL13-stimulated
MUC5AC secretion and ROS generation in airway epithelial
cells.

Results

IL33-induced airway goblet cell hypertrophy in ATG16L1-
deficient mice

Autophagy is required for colonic epithelial goblet cell
secretion.28,29 However, unlike the physiological require-
ment for goblet cells in the intestine, goblet cell differentia-
tion in the mouse airway must be induced.27 Airway goblet
cell formation can be efficiently induced by airway delivery
of IL33, which leads to macrophage and lymphocyte pro-
duction of IL13.14,30-33 To test if autophagy plays a role in
cytokine-induced inflammation in vivo, we compared the
response of wild-type (WT) and Atg16l1 hypomorphic
(HM) mice (Atg16l1HM/HM)27 following intranasal adminis-
tration of IL33. Airways of control mice (na€ıve vehicle
treated) contained few if any detectable goblet cells. As
anticipated, IL33 treatment induced goblet cells in WT and
Atg16l1HM/HM airways (Fig. 1A). Quantitative analysis
showed increased area of mucus staining per goblet cell in
IL33-treated Atg16l1HM/HM mice as compared to similarly
treated WT controls (Fig. 1B). In addition, the total area of
periodic acid–Schiff (PAS) staining as measured as a per-
cent of total airway epithelium in the Atg16l1HM/HM mice
was greater than WT littermate controls (Fig. 1C). Despite
the fact that there were more and larger goblet cells in the
IL33-treated Atg16l1HM/HM mice, the lavage fluid from these

mice actually contained less MUC5AC as compared to WT
mice (Fig. 1D). These results suggest the hypothesis that
ATG16L1 function plays a role in goblet cell secretion in
IL33-induced goblet cell metaplasia as indicated by an
increase in airway goblet cells that supplant the normal cili-
ated and nongoblet secretory cell populations.34 As IL33 is
well known to induce goblet cell metaplasia, as a pathologi-
cal response to IL13,34 this further suggests that IL13 is the
factor that acts directly on lung airway epithelial cells.

IL13 induces MUC5AC secretion in human
tracheobronchial epithelial cells

To probe the mechanism of secretion in epithelial cells in vitro,
we utilized a well characterized and widely used model of cul-
tured primary human airway cells from nondiseased lung tissue
donated for lung transplantation.35,36 To determine if autoph-
agy was required for airway goblet secretion, we used an estab-
lished protocol to differentiate goblet cells within cultures of
primary hTEC (human tracheobronchial epithelial cells)
(Fig. 2A). In this model, airway progenitor cells differentiate
into functional ciliated and secretory cells when subjected to an
ALI (air-liquid interface) condition for 18–21 d. The best,
established model for induction of goblet cells is treatment with
IL13.11,37 We devised a protocol whereby treatment of cells
with IL13 for 7 or 21 d (Fig. 2A) resulted in an increased num-
ber of MUC5AC-positive cells and elevated levels of MUC5AC
RNA (Fig. 2B, C) as previously reported.11 We recently showed
that an increase in the amount of intracellular reactive oxygen
species (ROS) is required for active secretion of colonic goblet
epithelial cells.28 IL13 stimulates ROS production in both intes-
tinal and airway epithelial cell lines.18,19,39 We evaluated the
influence of IL13 on intracellular ROS levels in the hTEC model
(Fig. 2E). Treatment of hTEC preparations for 7 d (ALI d 14 to
21) with IL13 significantly increased intracellular ROS levels as
detected by the fluorogenic oxidant probe DCF (CM-
H2DCFDA; Fig. 2D). The IL13-induced ROS activity was
attenuated by treatment with the NOX (NADPH oxidase)
inhibitor DPI (diphenyleneiodonium).40 To test the immediate
role of IL13 on MUC5AC secretion, hTEC preparations were
treated with IL13 for 21 d, then withdrawn for 2 d.38 We then
treated the cells with fresh IL13 for one h and compared
MUC5AC levels in the supernatant fractions to those treated
with vehicle only. IL13 significantly increased levels of apical
MUC5AC secretion in media collected over one h, relative to
phosphate-buffered saline (PBS). This effect was only less
slightly pronounced relative to the effect of stimulation by
ATP-g–S (100 mM) a well recognized mucin secretagogue38

(Fig. S1). Blocking the action of NOX activity with DPI prior to
the addition of IL13 also significantly reduced IL13-mediated
MUC5AC secretion (Fig. 2E). Thus IL13 induced both
MUC5AC secretion and ROS activity in cultured airway cells.

IL13 activates autophagy in human tracheobronchial
epithelial cells in vitro

Based on finding that IL13 activated both secretion and intra-
cellular ROS, we determined whether IL13 was dependent on
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autophagy as a pathway for MUC5AC secretion. We first mon-
itored the effect of IL13 on MAP1LC3A (microtubule-associ-
ated protein 1 light chain 3 a) conversion (LC3-I to LC3-II)
by immunoblot during the differentiation of hTEC (Fig. 3A).
We observed that prolonged treatment with IL13 for 21 d
increased the LC3-II to actin ratio, compared to culture with
standard medium, suggesting that IL13 is requirement for
autophagy (Fig. 3A, B). ATG5 protein and ATG5 mRNA levels
were similar over the course of in vitro differentiation both
with and without IL13 treatment (Fig. 3A, Fig. S2B). To con-
firm that IL13 stimulated autophagy, we performed autophagy
flux assays by incubating cell preparations in the presence of
IL13 plus chloroquine (Fig. 3C). Bafilomycin A1 was also used
as a lysosomal vacuolar-type ATPase inhibitor and had a simi-
lar effect (data not shown). Treatment with IL13 for as few as
7 d (which stimulates goblet cell formation; Fig. 2C) signifi-
cantly increased LC3-II levels in cells (Fig. 3D, E), indicating

stimulation of autophagy. This finding was confirmed by dem-
onstrating increased LC3 puncta by immunofluorescent stain-
ing after treatment of hTEC with IL13 for 7 d (Fig. 3F, G).
Short treatments with IL13 pretreatment, for 3 h, did not sig-
nificantly stimulate autophagy, suggesting that goblet cell dif-
ferentiation was required for autophagy activity. In sum, these
observations indicate that autophagy was associated with goblet
cells that form in response to chronic IL13 treatment.

ATG5 deficiency impairs IL13-induced autophagy in hTEC

To functionally connect autophagy to secretion, we depleted
hTECs of ATG5 using gene-specific shRNA sequences
transduced by lentiviral vectors. We identified 2 different
targeting sequences that achieved significant depletion of
ATG5 mRNA with 70% (ATG5 shRNA #1) and 80%
(ATG5 shRNA #2) silencing of ATG5 by immunoblot and

Figure 1. Goblet cell hypertrophy in autophagy-deficient mice. WT and Atg16l1 hypomorphic (Atg16l1HM/HM) mice were administered vehicle or IL33 intranasally.
Lungs were evaluated on d 7 post-challenge. (A) Representative photomicrographs of lung sections stained with PAS. Scale bars, top and middle panels:
100 mm; lower panel: 10 mm. (B) Quantification of area per goblet cell (n D 6 mice per group, (C) percentage of PAS staining (on histological sections) of total
airway epithelium area (n D 6 mice per group) of IL33-treated WT and Atg16l1HM/HM, and (D) levels of MUC5AC in bronchoalveolar lavage (BAL) fluid from
lungs of IL33-treated mice (n D 3 mice per group). (B–D) are graphs of the means §SEM. Means with different letters are significantly different by the
unpaired 2-tailed Student’s t-test.
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mRNA expression (Fig. 4A and S2A). For each experiment,
cells were transduced with nontargeted (NT) sequences as
controls. The reduction of ATG5 mRNA expression corre-
lated with reduced levels of LC3-II protein and increased
levels of SQSTM1/p62 (sequestosome 1) protein (Fig. 4A).
Moreover, we observed that in response to IL13 stimula-
tion, ATG5-depleted cells had increased the number of
SQSTM1 puncta and decreased LC3 puncta formation
(Fig. 4B–D).

ATG5 deficiency results in diminished IL13-induced goblet
cell secretion

We used the ATG5-depleted hTEC to quantify the effect of
IL13 on goblet cell formation and intracellular mucin stores
(Fig. 5A, B). IL13 had no significant effect on ATG5mRNA lev-
els (Fig. S2B). As expected, IL13 treatment for 7 d significantly

increased the absolute number and percentage of MUC5AC-
positive cells in both the NT- and ATG5-transduced cell prepa-
rations relative to untreated hTECs. However, ATG5 depletion
resulted in a similar percent of MUC5AC-positive cells com-
pared to NT-transduced cells (Fig. 5C). Despite the similar
fractions of goblet cells, ATG5-depleted hTEC contained
greater amounts of MUC5AC staining per cell compared to
control preparations (Fig. 5D, E). This result indicated an intra-
cellular accumulation of mucin in the ATG5-deficient cells.

We performed ultrastructural analysis of goblet cells under
IL13-activated conditions to determine potential cellular mech-
anisms for the accumulation of intracellular mucins in auto-
phagy protein-depleted hTEC. The mucin granule morphology
of goblet cells was similar in ATG5-deficient and control cells.
The most obvious difference was that there were a greater num-
ber of intracellular mucin granules in the ATG5-deficient cells
(Fig. 5 F, G). RNA levels of MUC5AC were similar between

Figure 2. IL13 increases MUC5AC expression and secretion. (A) In vitro protocol for IL13 treatment of human tracheal/bronchial epithelial cells (hTEC) differ-
entiated using air-liquid interface conditions (ALI). Cells were assayed at the indicated times. (B) Representative images of hTEC treated with vehicle or
IL13 for the indicated periods, then immunostained for MUC5AC and cilia marker acetylated tubulin (acetylated-TUB). Nuclei were stained with DAPI. MC,
goblet cell; arrows, secreted MUC5AC on the cell surface. Scale bars: 10 mm. (C) IL13-induced MUC5AC mRNA levels (C) relative to vehicle (¡) (n D 6 prep-
arations/condition). (D) ROS production in hTEC cultured with or without IL13 during ALI d 14–21 d. Three h prior to loading the ROS probe DCF (CM-
H2DCFDA), cells were treated with combinations of IL13 and the NOX inhibitor DPI (5 mM), or vehicle controls and the resulting mean fluorescent intensity
signal was measured from 3 random fields. AU, arbitrary units. (E) MUC5AC secretion in hTEC preparations cultured with or without IL13 for 21 d as in (A)
and pre-treated with DPI (5 mM) or DMSO vehicle prior to the MUC5AC secretion assay. Levels of secreted MUC5AC were measured by ELISA after perform-
ing a series of washes (to obtain baseline levels) followed by a 1 h incubation with IL13. Values were normalized to the baseline amount of MUC5AC for
each condition and reported as fold change (n D 7 for DMSO vehicle pretreatment, n D 4 for DPI pretreatment). Measures in (C–E) were obtained from
hTEC preparations obtained from at least 3 unique donors and independent experiments, displayed as the graph of the means §SEM. In (C), means from
each time point were compared to vehicle alone using the paired Student t test. In (D, E), means with different letters are significantly different by ANOVA
with Bonferroni’s correction.
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these 2 groups (Fig. S3B,C) indicating that there was not a
detectable difference in mucin production. Thus, blocking
autophagy in hTEC in IL13-treated cells induced goblet cell
hypertrophy and suggested a corresponding functional defect
in MUC5AC secretion.

One advantage of hTEC preparations is that secretion
can be measured using an ELISA for MUC5AC in the api-
cal supernatant. We administered IL13 to control or ATG5-
depleted hTEC for 21 d to generate goblet cells. As before,
the cytokine was withdrawn for 48 h followed by secretion
assays under defined conditions38 (Fig. 6A). The ATG5-defi-
cient hTEC treated with IL13 for one h had significantly
less newly secreted MUC5AC than control cells (Fig. 6B).
To further confirm the requirement of autophagy for mucin
secretion, we prepared hTEC deficient in ATG14, an
upstream autophagy regulatory protein not directly respon-
sible for LC3 lipidation (Fig. S3).41 Similar to ATG5 defi-
ciency, ATG14 depletion resulted in reduced MUC5AC
secretion following stimulation with IL13 (Fig. 6C). Taken
together, these findings indicate a requirement of autophagy
proteins for IL13-activated secretion of MUC5AC.

Autophagy is required for IL13-mediated ROS activity

Previously, we showed that MUC2 secretion in colonic epithe-
lial cells requires both ROS and autophagy activity.28 We used
parallel sample preparations as used above in secretion assays

for the analysis of IL13-activated ROS production. Preparations
of ATG5-deficient hTEC treated continuously with IL13 to
generate goblet cells had significantly attenuated ROS activity
compared to control cells (Fig. 7A, B). Similarly, hTEC prepa-
rations rendered deficient in ATG14 also demonstrated reduced
IL13-mediated ROS activity (Fig. 7C). Furthermore, pretreat-
ment with the NOX inhibitor DPI reduced IL13 activated
MUC5AC secretion in hTECs (Fig. 2E). This finding suggests
that both autophagy and ROS are required for mucin secretion.
Thus, in airway epithelial cells, the autophagy pathway directs
factors required for generation of IL13-mediated ROS genera-
tion and is required for ROS production. These findings suggest
a new mechanism in which autophagy is stimulated by IL13 to
regulate MUC5AC secretion.

Discussion

Here, we show evidence that IL13 stimulates autophagy and
that this signaling has physiological consequences. We capital-
ized on the ability to study the effects of cytokines on airway
epithelial cells that have prominent physiological effects. Using
this approach, we demonstrate that IL13 directly induces air-
way epithelial cell MUC5AC hypersecretion and oxidant stress.
In a primary human airway epithelial cell culture system, we
found that prolonged treatment of cells with IL13 was required
to promote increase of LC3-II relative to actin, indicating
increased autophagy activity. Additionally, depleting ATG5 or

Figure 3. IL13 increases autophagy activity. (A) hTEC were cultured in the presence of vehicle or IL13 for 21 d of ALI conditions. Cell lysates were prepared at the indicated
time points of ALI culture for immunoblot analysis for ATG5 and LC3. Representative blots are shown. (B) Quantification of immunoblot density of the LC3-II to actin ratio
as the mean §SEM (n D 3 independent experiments each from a preparation of a unique cell donor). (C) Autophagy flux assay to determine the influence of IL13 on
autophagy activity in hTEC. (D) Representative LC3-immunoblots of hTEC incubated with vehicle (¡) or IL13 (C) for 7 d then treated with chloroquine (Chloro) as shown
in (C). Lysates were harvested at ALI 21. (E) Immunoblot image densities of LC3-II to actin ratios shown as the mean §SEM (n D 5 independent experiments). Mean LC3
to actin band densities with different letters are significantly different by ANOVA with Bonferroni’s correction. (F) Representative images of LC3 puncta in hTEC (E) in the
presence or absence of IL13 for 7 d, on ALI d 14–21, then treated with chloroquine as shown in (C). Scale bar: 10 mm. (G) Quantification of the number of LC3 puncta as
mean §SEM from triplicate values per high-powered field (hpf) obtained from photomicrographs for each experiment (n D 3 independent experiments). Means with dif-
ferent letters are significantly different by unpaired 2-tailed Student t test.
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ATG14 in IL13-treated hTEC resulted in goblet cell hypertro-
phy and a decrease in MUC5AC secretion. Furthermore, block-
ing autophagy in this model significantly attenuated IL13-
mediated ROS generation. Therefore, these findings provide
evidence that autophagy regulates the IL13-mediated inflam-
matory response in airway epithelial cells characterized by gob-
let cell secretion and intracellular oxidant generation.

The effect of IL13 to activate autophagy in airway epithelial
cells is in contrast to previous reports in macrophages. In these
studies, the effect of IL13 has been primarily to modulate star-
vation- or IFNG-induced autophagy during infection. Harris
et al. found that starvation- or IFNG-induced autophagy fol-
lowing infection with mycobacteria was attenuated by IL13 in
macrophages.7 Using experiments of similar design, Su et al.
showed that IL13 blocked autophagy activity in peritoneal mac-
rophages in a mouse model of enteric bacterial co-infection
after intestinal parasitic nematode exposure.8 Data from these
studies showed that IL13 inhibits starvation-induced autophagy

through the AKT pathway and IFNG-induced autophagy
through STAT6-dependent mechanisms. While STAT6 is
induced in airway epithelial cells during goblet cell formation,
IL13 and STAT6 regulate a remarkably different gene profile in
immune compared to epithelial cell types.42-44 The contrasting
activities of IL13 and autophagy in infected macrophages and
inflamed airway epithelial cells suggest a cell-specific depen-
dence of autophagy.

Previous reports indicate that autophagy might play a
more general role in stress response in airway epithelial
cells. In COPD the number of autophagosomes and LC3-II
levels are higher in samples of lungs from those with the
disease, though the role in goblet cells was not investi-
gated.45 The same group has shown that cigarette smoke
extract or hyperoxia increase autophagy activity in airway
epithelial cells and cilia injury.45-47 However, IL13 was not
examined in that context. Thus in epithelial cells, autophagy
activity may serve as a functional response to noxious or

Figure 4. ATG5 depletion reduces autophagy activity in hTEC preparations. hTEC were transduced with nontargeted (NT) or ATG5-specific shRNA sequences. (A) ATG5 lev-
els in representative immunoblots for NT or 2 different ATG5 shRNA sequences (#1 and #2) at ALI d 21 with corresponding protein levels of SQSTM1 and LC3. (B) Repre-
sentative images of LC3 (red) and SQSTM1 (green) puncta in hTEC treated with vehicle or IL13 in shRNA-transduced cells NT and ATG5 (sequence #2) shRNA. Scale bars:
10 mm. (C and D) Quantification of LC3 and SQSTM1 puncta in transduced cells treated with vehicle (¡) or IL13 (C) for 7 d. (C and D) are graphs of number of puncta as
the mean §SEM of triplicate samples from high-powered field images obtained from nD 4 different cell preparations. Means with different letters are significantly differ-
ent by ANOVA with Bonferroni’s multiple comparison tests.
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inflammatory signals such as IL13, which leads to increased
ROS generation and MUC5AC secretion.

We have reported the measurement of increased
MUC5AC secretion following prolonged stimulation with
IL13 relative to untreated cell hTEC preperations.11 In the
current study, prolonged treatment with IL13 in a similar
model resulted in accumulation of mucus on the cell surface,
typically noted after 7–14 d of a 21-d treatment course (e.g.,
Fig. 2B). We now provide strong evidence that IL13 can act
as a secretagogue for MUC5AC in human airway epithelial

cells. The magnitude and timing (within an hour) of this
effect was similar to the known secretagogue ATP-g-S. Other
cytokines such as IL1B (interleukin 1, b) increase MUC5AC
production48 and secretion.49 However, the effect was delayed
for hours or days, suggesting that a secondary pathway was
utilized for mucus production.

Autophagy is now shown to be required for secretory path-
ways in mast cells, bone osteoclasts, intestinal Paneth cells, and
colonic goblet cells.27,28,50-52 Shared or unique utilization of
specific autophagy proteins for secretion is yet to be resolved,

Figure 5. Depletion of ATG5 is associated with airway goblet cell hypertrophy. hTEC were transduced with nontargeted (NT) or ATG5-specific shRNA and treated with
vehicle or IL13 for 7 d (ALI days 14–21). (A) Representative confocal photomicrographs of hTEC in the x,y plane, stained for MUC5AC and actin using phalloidin. Scale
bars: 10 mm. (B) Representative x,z images demonstrating the optical level selected in (A) relative to the apical membrane (dashed line). (C) Quantification of (A) as per-
cent (%) goblet cells of total cell number on the apical surface, (D) MUC5AC-staining area per goblet cell and (E) MUC5AC signal intensity per goblet cell. Graphs in (C–E)
are from are the mean §SEM from triplicate values per high-powered field (hpf) obtained from photomicrographs for each experiment (n D 3–4 independent experi-
ments, each from a unique donor). Means in (C–E) with different letters are significantly different by ANOVA with Bonferroni’s multiple comparison test. (F) Representative
transmission EM images of goblet cells treated with IL13. Red lines mark cell borders. Scale bars: 2 mm. (G) Quantification of number of mucin granules per cell was per-
formed with 8 goblet cells evaluated from each group. Shown are the means §SEM with different letters indicating a significant difference by the unpaired 2-tailed Stu-
dent t test.
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however it is possible that proteins that are similarly processed
have similar autophagy-dependent mechanisms. For example,
the autophagy-dependent secretion of VWF by vascular endo-
thelial cells requires protein dimerization in the ER via disulfide
bond linkage and packaging in the Golgi before budding into
secretory granules prior to ligand regulated secretion, much the
same as MUC5AC.26 In colonic goblet cells, autophagy is
required for the formation of amphisomes and the generation
of ROS,28 both essential for the secretion of MUC2, similar to
MUC5AC.

Our findings indicate that a similar requirement for auto-
phagy exists in the mucin secretion of the colonic and airway
epithelium. Autophagy is required for both IL13-mediated
MUC5AC secretion and ROS activity. In the colonic goblet
cells, autophagy and NOX enzymes contribute to constitutive
MUC2 secretion via calcium-mediated exocytosis. We specu-
late that in airway epithelial cells, autophagy offers a similar
convergence of cytoplasmic proteins (e.g., endosomes, auto-
phagosomes) allowing for IL13-mediated ROS generation lead-
ing to MU5AC secretion. Thus, there is potential therapeutic
benefit from short-term targeting of the IL13-activated pathway
to modulate ROS activity and MUC5AC secretion using drugs
that inhibit autophagy. Known autophagy inhibitors that are
FDA approved for alternative indications are now being studied
in clinical trials, primarily as cancer therapeutics.53,54 Use of
these agents may prove a rapid means to translate our findings
to novel treatments of mucin secretion and chronic lung
disease.

In summary, we find that IL13 activates autophagy in
airway epithelial cells to direct mucin secretion and cell oxi-
dant stress responses, which are major cellular phenotypes
in the chronic inflammatory airway diseases asthma and

COPD. Identifying enhanced IL13-mediated autophagy in
epithelial cells alters the current concept that IL13 broadly
inhibits autophagy activity. These findings suggest another
view, that IL13 regulation of autophagy is much different in
macrophages than in epithelial cells. This finding takes on
added importance when analyzing the yet undefined status
of autophagy activation in airway epithelial cells from indi-
viduals with asthma. The identification of single nucleotide
polymorphisms associated with childhood asthma in 2 dif-
ferent populations that lead to functional ATG5 activity in
nasal airway epithelial cells suggests that future studies in
this area are warranted but must be carefully interpreted in
the context of the cytokine environment.55,56

Figure 6. Depletion of ATG5 and ATG14 reduces IL13-mediated MUC5AC secretion.
(A) Scheme of in vitro IL13-mediated MUC5AC secretion protocol in hTEC. Secreted
MUC5AC was measured 1 h following the application of fresh IL13 on cells trans-
duced with NT or autophagy gene shRNA. (B) hTEC transduced with ATG5
(sequence #2) shRNA. (C) hTEC transduced with ATG14 shRNA. Graphs in (B and C)
are the means §SEM from cells derived from 4 unique preparations. Means with
different letters are significantly different by the unpaired 2-tailed Student t test.

Figure 7. Depletion of ATG5 and ATG14 reduces IL13-mediated ROS activity. hTEC
transduced with NT, ATG5 or ATG14 shRNA, treated with vehicle (¡) or IL13 (C) for
7 d, ALI d 14–21 as in Figure 5. (A) Representative images of DCF (CM-H2DCFDA)
probe fluorescent signal; Scale bar: 100 mm. (B and C) Quantification of ROS signal
intensity is shown. Graphs in (B and C) are the means §SEM of values obtained
from images of 3 random fields from 4 unique preparations. Means with different
letters are significantly different by ANOVA with Bonferroni’s multiple comparison
test (B) or the unpaired 2-tailed Student t test (C).
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Materials and methods

Mice

Animal studies were approved by the institutional committee.
C57BL/6 mice deficient in the autophagy gene Atg16l1 were
previously described (Atg16l1HM/HM).27 Mice were adminis-
tered PBS (Sigma-Aldrich, P3813) vehicle or recombinant
mouse IL33 (Peprotech, 210–33), 1.0 mg, intranasal on d 1 and
3. At d 7 post-challenge, mice were euthanized, then underwent
lung lavage with 3, one-mL aliquots of sterile PBS, followed by
tissue fixation and resection. Recovered lavage fluid was
reserved for MUC5AC quantification, while lung tissue was
processed for histological examination using the PAS reaction
to stain intercellular mucin.

Airway epithelial cell culture

Primary human tracheal-bronchial epithelial cells (hTEC) were
isolated from excess surgical tissue of lungs donated for trans-
plantation (exempted from regulated human subjects research)
and cultured as previously described.57,58 Briefly, airways were
dissected and digested in 1.5 mg/mL pronase (Sigma-Aldrich,
9036-06-0) for 48 to 72 h. Recovered epithelial cells were
expanded on dishes coated with type I rat-tail collagen (BD
Biosciences, 354236) until 70% to 80% were confluent. Cells
were detached by trypsin with EDTA, then seeded on collagen-
coated 12-mm Transwell Clear (Corning Life Sciences, 3460)
supported membranes (“inserts”) at a density of 1 to 2 £105/
insert. When confluent, the apical medium was withdrawn to
create an air-liquid interface. Cells were maintained for 3 to
4 wk and medium in the basal compartment changed every 2
to 3 d. Following the creation of ALI, human recombinant IL13
(Peprotech, 200-13A) (10 ng/mL) was added to the basal com-
partment with each media change. Cell preparations derived
from tracheobronchial tissues from a minimum of 3 different
donated lungs were used for each experiment unless indicated.

Immunoblot analysis

Cells were lysed in a modified RIPA buffer (PBS, pH 7.4, 1.0%
IPEGAL CA630 [Sigma-Aldrich, I8896]; 0.5% sodium deoxy-
cholate [Sigma-Aldrich, D6750]; 0.1% SDS [Fisher, BP166])
containing freshly added proteinase inhibitors [Roche,
04693116001]). ATG5, ATG14, SQSTM1, and actin were
resolved by electrophoresis in a 7.5% Tris-HCl polyacrylamide
gel, while a 15% polyacrylamide gel (Bio-Rad Criterion, 345-
0019) was used to resolve LC3 and its 2 isoforms LC3-I and
LC3-II. Proteins were transferred to polyvinylidene difluoride
(PVDF) membranes then blocked in tris-buffered saline (NaCl
137 mM, KCl 2.7 mM, Tris-Cl 25 mM, pH 7.4) containing
0.2% polysorbate (Tween 20; Fisher, BP337) detergent and 5%
powdered milk. Membranes were then incubated in this block-
ing buffer with primary antibodies (and dilutions) including:
LC3 (1:750; Sigma-Aldrich, L7543), ATG5 (1:1000; Sigma-
Aldrich, A0856), ATG14 (1:500; Cell Signaling Technology,
5504), SQSTM1 (1:1000; Santa Cruz Biotechnology, sc-28359)
and pan-actin antibody against all 6 isoforms of actin (1:2000;
Millipore, MAB1501R). Primary antibodies were detected
by horseradish peroxidase–labeled secondary antibody (Goat

anti-rabbit, Pierce 31460; Goat anti-mouse, Pierce, 31430) bind-
ing, which was detected using enhanced chemiluminescence.

Immunostaining and microscopy

Cells cultured on inserts were washed in PBS, fixed in a solution
of methanol:acetone (50:50, by volume) at ¡20�C for 15 min,
followed by post-fixation in 4% paraformaldehyde for 10 min
at room temperature. Fixed cells were blocked with 1% bovine
serum albumin (Fisher, BP1605), 0.1% Triton X-100 (Fisher,
BP151), and 5% donkey serum (Sigma-Aldrich D9663) in PBS
for 30 min prior to immunostaining. Primary antibodies (and
dilutions) included: LC3 (1:750; Novus Biologicals, NB600-
1384), MUC5AC (1:500; Thermo Scientific, MS145-p1), acety-
lated tubulin (1:5000; Sigma-Aldrich, T7451), and SQSTM1
(1:500; Santa Cruz Biotechnology, sc-28359). Fluorophore-
labeled donkey secondary antibodies were Alexa Fluor 488 or
555 (Life Technologies, A-31570, A21202, A21206, A31572).
Actin was stained with phalloidin (1:100; Life Technologies,
A12380) and DNA with 40,6 diamidino-2-phenylindole (DAPI;
included in Fluoroshield mounting medium, Sigma-Aldrich,
F6057). Images were obtained using a 5000B Leica microscope
equipped with a charge-coupled device camera (Retiga 200R)
interfaced with QCapture Pro software (Q Imaging). Images
were globally adjusted to optimize contrast and brightness, and
composed using Photoshop software (Adobe Systems).

Autophagy flux assay

The IL13-induced autophagy flux activity was determined by
blocking autophagosome-lysosome fusion using chloroquine
(Sigma-Aldrich, 50-63-5) or bafilomycin A1 (Sigma-Aldrich,
88899-55-2) as previously described.28,45,59 Briefly, following
IL13 treatment of hTEC cultured at the air-liquid interface,
cells were incubated with 50 mM of chloroquine or 100 mM of
bafilomycin A1 for 3 h in the absence or presence of IL13. Sub-
sequently, immunoblot analysis was used to quantify the
change in LC3-II to actin ratio, and in parallel samples cells
were fixed for LC3 puncta immunostaining.

RNA interference

RNA depletion was achieved using short hairpin RNA
(shRNA) targeted to specific transcripts and delivered by lenti-
virus to hTEC as previously described.35,60,61 Gene-specific
shRNA sequences subcloned into the pLKO.1 transfer plas-
mid62 were from the RNAi Consortium collection including a
control nontargeted sequence (SHC016), 2 ATG5-specific
sequences (#1, TRCN0000330392; #2, TRCN0000330394) and
one ATG14-specific sequence (TRCN0000010211), all available
from Sigma-Aldrich. Recombinant lentiviruses were produced
by co-transfection of the specific pLKO.1 plasmid that includes
a cassette for puromycin resistance with plasmids containing
packaging (pHR’8.2DR) and envelope (pCMV-VSV-G)
sequences in HEK293T cells using FuGENE 6 (Promega,
E2691) as described.62 Twenty h after transfection, the virus
was collected in DMEM/F12 media with 5% fetal bovine serum
then passed through a 45-micron filter (Millipore, CE0459).
Virus-containing medium was supplemented with protamine
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sulfate, 10 mg/mL (Sigma-Aldrich, 53597-25-4), INS/insulin
(10 mg/mL, Sigma-Aldrich, I6634), TF/transferrin (5 mg/mL,
Sigma-Aldrich, T1147), EGF/epidermal growth factor (25 ng/
mL, BD Biosciences, 354052), bovine pituitary extract (300 mg/
mL total protein, prepared as described57), and cholera toxin
(0.1 mg/mL, Sigma-Aldrich, C8052), which were added to
hTEC that were seeded on collagen-coated inserts at a density
of 2 £ 105 cells/insert. Forty-eight to 72 h later, puromycin
(Sigma-Aldrich, P8833) 2.5 mg/ml was added for 7 d. When
cells were confluent, apical medium was withdrawn, and cells
were cultured using ALI conditions.

Quantitative PCR

RNA was isolated from human airway cells using the RNeasy
Spin column kit (Qiagen, 74104) then reverse transcribed using
the cDNA Reverse Transcription Kit (Applied Biosystems,
4306736). cDNAs were amplified using Fast SYBR Green mas-
ter mix (Applied Biosystems, 4309155) in a Lightcycler 480
(Roche, Mannheim, Germany). Sequence-specific primers for
MUC5AC and ATG5 were used as previously published.11,63

Gene expression was normalized to OAZ1.64

Electron microscopy

Cultured cells on inserts were fixed with a solution containing
4% paraformaldehyde and 0.5% glutaraldehyde and processed
for transmission electron microscopy as previously described.28

Preparations were viewed on a JEOL 1200 EX electron micro-
scope (JEOL USA, Peabody, MA) equipped with an AMT 8
megapixel digital camera (Advanced Microscopy Techniques,
Woburn, MA).

MUC5AC ELISA

Levels of secreted MUC5AC were quantified by ELISA as previ-
ously described.11,38 Briefly, cells were cultured in the presence
of IL13 (10 ng/mL) after which IL13 was withdrawn from the
medium for 48 h to allow goblet cells to accumulate mucin
granules. The culture plate was then transferred to a foam pad
to reduce the effect of jarring on goblet secretion.38 To remove
residual secreted mucus, the apical surface of the cells was
gently washed 4 times, each for a 30-min period, using 200 ml
of PBS warmed to 37�C. Following the final wash, fresh IL13
(20 ng/mL) or ATP-g-S (100 mM) (Sigma-Aldrich, A1388) in
warmed PBS was added to the apical surface of the cells. After
incubation for 1 h at 37�C, the newly secreted mucus was col-
lected as the “agonist” quantity. For DPI experiments prepara-
tions of hTEC were pretreated with DPI (5 mM) or DMSO
vehicle. Cells were washed as above with warm PBS and the last
wash was saved for normalization. Fresh IL13 (20 ng/mL) was
added to the apical surface of the cells and newly secreted
mucins were collected from the surface after 1 h.

ROS measurement

ROS activity in hTEC was measured using the oxidant sensitive
fluorometric probe DCF (CM-H2DCFDA; Life Technologies,
C6827). Three h prior to loading with DCF, cells were exposed

to media or IL13 (10 ng/mL). DPI, 10 mM, was used as a NOX
inhibitor for each condition. Cells were washed twice with
Hank’s balanced salt solution then 5 mM of DCF was added to
the basal medium compartment and cells incubated at 37�C for
15 min. Following this, cells were washed twice with Hank’s
balanced salt solution and imaged using fluorescence micros-
copy to acquire an image intensity using a 20X (0.8 NA) Plan-
APOCHROMAT air objective on a Zeiss Axiovert 200
equipped with a Axiocam MRM camera and AxioVision
software.

Image analysis and statistical methods

ImageJ software65 was used to quantify immunoblot band
intensity. MUC5AC intracellular immunostaining area and
intensity were quantified from images of multiple fields at
400X magnification by using a common signal threshold level
among all images. The number of SQSTM1 and LC3 puncta
were quantified using a monochrome image and the binary
watershed command in ImageJ. A common fluorescent detec-
tion threshold was applied to all images. DCF detection of ROS
activity was quantified from images of multiple fields at 200X
magnification using the binary command and a common
threshold as used for puncta quantification. For ultrastructural
quantification by electron microscopy (EM), a blinded
observer, not related to the research project, counted the num-
ber of mucin granules per cell on photomicrographs and aver-
aged the result for each group. The unpaired, 2-tailed Student t
test was used to compare values for statistical significance
between experimental groups. A paired 2-tailed Student t test
was used to compare gene expression by qPCR with and with-
out IL13 from the same preparations. Likewise, a paired t-test
was used to compare fold-change of MUC5AC secretion fol-
lowing treatment with IL13 or ATP relative to untreated cells.
Multiple means were compared using ANOVA with Bonferro-
ni’s correction.

Abbreviations

ALI air-liquid interface
COPD chronic obstructive pulmonary disease
DPI diphenyleneiodonium
EM electron microscopy
HM hypomorphic
hTEC human tracheal epithelial cells
IL13 interleukin 13
NT nontargeted
PAS periodic acid–Schiff
PBS phosphate-buffered saline
ROS reactive oxygen species
shRNA short hairpin RNA
WT wild type
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