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Epithelial cells expressed IL-33 to promote degranulation of mast cells through
inhibition on ST2/PI3K/mTOR-mediated autophagy in allergic rhinitis
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ABSTRACT
Nasal epithelial cells are the first barrier against allergen infiltration in allergic rhinitis (AR), and the
relationship between nasal epithelial cells and mast cell-mediated hypersensitivity remains
unclear. This study aimed to investigate the possible association between allergen-challenged
nasal epithelial cells (AR-HNEpC) and mast cell degranulation in AR. Our data revealed that
calcium influx and degranulation were increased in AR-HNEpC-co-cultured mast cells. Expression
of IL-33, a factor that binds to ST2 receptors on mast cells and regulates their degranulation, was
elevated in AR-HNEpC. Blocking IL-33/ST2 pathway activated autophagy and inhibited degranula-
tion and inflammatory factor release in mast cells. Furthermore, PI3K/mTOR was increased in IL-
33-treated mast cells. Inhibition on PI3K/mTOR pathway enhanced autophagy and inhibited
degranulation. Analysis using an in vivo AR model supported the above findings. In conclusion,
IL-33 from epithelial cells promotes degranulation of mast cells in AR through inhibition on ST2/
PI3K/mTOR-mediated autophagy, which provides a potential therapeutic target for the disease.

Abbreviations: AR: allergic rhinitis; IL: interleukin; TNF-α: tumor necrosis factor-alpha; INF-γ:
interferon-gamma; HNEpC: human nasal epithelial cell line; ATCC: American Type Culture
Collection; C48/80: compound 48/80; 3-MA: 3-methyladenine; qPCR: quantitative PCR; AR-
HNEpC: dust mite allergen-treated nasal epithelial cells; IgE: immunoglobulin E; Atg7: autophagy-
related gene 7
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Introduction

Allergic rhinitis (AR) is a type of nasal mucosal inflam-
matory disease caused by allergen exposure [1].
Commonly seen in otolaryngological clinics, AR is
prevalent around the world and is closely associated
with asthma, nasosinusitis, and nasal polyp [2,3].
Previous studies on the pathogenesis of AR focused
much on the inflammatory cells and responses in the
nasal mucosa tissue [3–5], while nasal epithelial cells,
the first defending line against allergen infiltration,
were seldom studied, especially the interactions
between epithelial cells and inflammatory cells in AR.

Mast cells play key roles in the allergic inflam-
mation in AR through release of histamine and
inflammation factors, a process which is called
degranulation [6]. In this process, within seconds
after stimulation of allergens or environmental
factors, mast cells release a diverse array of factors,

including histamine, heparin, serotonin, and serine
proteases, which are responsible for the acute
symptoms in allergic conditions [7,8]. Autophagy,
which is another important cellular process,
recycles intracellular components and helps cell
survive [9]. Dysfunction of autophagy is involved
in many diseases. For example, autophagy exerts
tumor-suppressive or tumor-promoting effects in
different circumstances in cancer [9]. Deficiency in
autophagy promotes tumorigenesis in genetically
engineered mouse model, e.g. liver tumors [10],
while in advanced cancer, autophagy suppresses
inflammation in tumor regions and promotes sur-
vival of cancer cells [11]. Defects of autophagy
were also observed in metabolic disorders and
inflammatory bowel disease [12]. For example,
mutation in ATG16L1 gene was linked to
increased risk of Crohn’s disease in genome-wide
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association studies [13]. Upregulation of autop-
hagy acted as protective roles in neurodegenerative
diseases [14]. In Huntington’s disease, chaperone-
mediated autophagy was up-regulated to compen-
sate the impaired macroautophagy in early stage of
the disease [15]. Previous studies found that
autophagy was crucial in the degranulation of
mast cells. Bone marrow-derived mast cells from
mice lacking autophagy-related gene 7 (Atg7)
showed severely impaired degranulation, and
light chain 3 type 2 (LC3-II), an important marker
for autophagy, was missing in the secretory gran-
ules of those mast cells [16,17]. However, it is still
unknown if epithelial cells play any role in the
autophagy and degranulation of mast cells.

Previous study revealed that the expression levels
of interleukin (IL)-33 and its receptor ST2 were
significantly elevated in epithelial cells in AR [18].
IL-33 is a recently discovered cytokine that is pro-
duced by specialized epithelial cells and plays impor-
tant roles in the pathogenesis of various allergic
diseases [19–21]. In addition, IL-33 is able to sup-
press autophagy and exerts neuroprotection func-
tions [22,23] and ameliorates experimental colitis
by promoting autophagy of macrophages [24]. It is,
therefore, possible that epithelial cells regulate
autophagy and degranulation of mast cells through
IL-33, which could be a potential mechanism of the
pathogenesis of AR.

In our study, we investigated the relationship
between epithelial cell and mast cell degranulation in
AR. Using shRNAs targeting IL-33, we further
demonstrated the role of epithelial-cell-released IL-
33 in the degranulation of mast cells and also revealed
the underlying pathway, which serves as a novel view
angle for the investigations on pathogenesis and treat-
ment of AR.

Methods

Cell culture

Human nasal epithelial cell line (HNEpC) and mast
cell line (LAD2) were supplied by American Type
Culture Collection (ATCC, USA). HNEpC cells were
cultured in RPMI2650 (Invitrogen, USA) and LAD2
cells were cultured in minimum essential medium
(GIBCO, USA), with both culture media supplemen-
ted with 10% fetal calf serum (GIBCO, USA). Cells

were cultured in a humid atmosphere at 37°C with
5% carbon dioxide. Transwell cell culture inserts
(Corning, USA) were used to co-culture different
types of cells. Compound 48/80 (C48/80, Sigma-
Aldrich) was used at 0.1 mg/ml to stimulate the
degranulation of mast cells [25]. In order to suppress
autophagy, 3-methyladenine (3-MA, Sigma-Aldrich)
was used at 5 mmol/l. IL-33 (Sigma-Aldrich) treat-
ment was performed at 10 ng/ml. Human recombi-
nant ST2 protein (sST2) (ab219662, Abcam, USA)
was used at 0.7 μg/ml [26]. Dust mite allergen
(Derp1, Greer Laboratories) was administered at
1 μg/ml or 10 μg/ml.

Cell transfection and vector construction

ShRNA targeting IL-33 (sh-IL-33) was obtained from
Genechem (Shanghai, China). HNEpC cells were
transfected with sh-IL-33 using Lipofectamine 2000
(Invitrogen, USA) as per the manufacturer’s protocol.
Briefly, cells were seeded in 24-well plate and cultured
until ~80% confluence. One microliter lipofectamine
reagent was mixed with 25 μl Opti-MEM Medium,
and 240 ng DNA were diluted in 25 μl Opti-MEM
Medium. The two mixtures were combined within
30 min after preparation and incubated at room tem-
perature for 5 min. Fifty microliters of the final work-
ing solution were then added into each well, mixed
gently, and incubated for 2 days at 37°C.

Extraction of total RNA and quantitative PCR

For extraction of total RNA, cells were homoge-
nized in 0.3 ml TRIzol Reagent, and isopropanol
was added into the homogenates. The mixture
was incubated for 10 mins and centrifuged at
12,000 x g for 10 min at 4°C. After re-
suspending the pellet in 75% ethanol, the mixture
was centrifuged at 7,500 x g for 5 min at 4°C. The
pellet was air-dried for 5 mins and re-suspended
in 20 μl RNase-free water. Absorbance at 260 nm
and 280 nm was measured to calculate RNA con-
centration, and 1 μg RNA from each sample was
used for reverse transcription at 60°C for 10 min.
The cDNA template was mixed with master mix,
assay buffer (ABI, USA), and specific primers for
IL-33: forward 5ʹGCCTGTCAACAGCAGTCTA
CTG-3ʹ, reverse 5ʹ-TGTGCTTAGAGAAGCAA
GATACTC-3ʹ. The reaction mixture was then
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transferred into a 96-well reaction plate and
sealed with appropriate cover. Quantitative PCR
was performed using Applied Biosystems 7500
System (ABI, USA).

Protein extraction and Western blot

After being homogenized inHLB buffer with protease
inhibitors, cell lysates were mixed with SDS lysis
buffer and boiled. Protein contents in cell lysates
were measured using BCA Protein Assay Reagent
(Pierce, USA), and equal amount of protein was
loaded onto SDS gels, separated by electrophoresis,
and then transferred to nitrocellulose membranes.
After blocking in 5% skimmed milk, nitrocellulose
membranes were incubated overnight with primary
antibodies against light chain 3 (LC3, ab128025,
Abcam), p62 (ab56416, Abcam), Beclin-1 (ab207612,
Abcam), PI3 K (ab32089, Abcam), Akt (ab179463,
Abcam), mTOR (ab134903, Abcam), phospho-PI3 K
(p-PI3 K, ab182651, Abcam), phospho-Akt (p-Akt,
ab38449, Abcam), phospho-mTOR (p-mTOR,
ab109268, Abcam), or β-actin (ab8227, Abcam).
Membranes were then incubated with goat anti-
rabbit IgG (ab6721, Abcam) or goat anti-mouse IgG
(ab6789, Abcam) secondary antibody for 2 h. Proteins
were then visualized using a gel-imaging system.

ELISA measurement

ELISA kits were used to measure protein levels of
β-hexosaminidase (orb440028, biorbyt, UK), hista-
mine (ab213975, Abcam), tryptase (orb348936,
biorbyt, UK), IL-33 (ab223865, Abcam), IL-4
(ab215089, Abcam), IL-6 (ab46027, Abcam), INF-
γ (ab100538, Abcam), and TNF-α (ab181421,
Abcam) as per the manufacturer’s instructions.
Briefly, 50 μl of samples or standards were added
to appropriate wells. Antibody cocktail was added
into each well, and plate was sealed and incubated
at room temperature for 1 h with gentle shaking at
400 rpm. Each well was washed 3 times with wash
buffer. TMB substrate was added to each well and
plates were incubated for 10 min in the dark with
shaking at 400 rpm. After adding stop solution
into each well, optical density values were mea-
sured at 450 nm using a microplate reader.

Measurement of calcium concentration using
fluo-3AM

Intracellular calcium levels weremeasured using fluo-3
AM (F1242, Invitrogen). Briefly, fluo-3 AM stock solu-
tion was diluted into 1 μM working solution using
PBS. Fluo-3 AM working solution was then incubated
with cells for 60 min at room temperature. After the
incubation, wells were washed with PBS for 3 times
and incubated for another 30 min. Results were
obtained using a microplate reader (485/20 nm excita-
tion and 528/20 nm emission).

Toluidine blue staining

Tissue samples were fixed in 4% formaldehyde,
dehydrated and embedded in paraffin. Slides
were sectioned at 5 μm and then de-paraffinized
and hydrated before the staining. Slides were
stained in Toluidine blue for 1 min and then
washed under de-ionized water. After dehydration,
slides were mounted and covered with coverslip
before examination under microscope.

Establishment of in vivo AR model

A total of 20 SD rats were obtained and housed in our
institute animal-holding unit with 12 h:12 h light/dark
cycle. After accommodation, animals were randomly
allocated into four groups (control group, AR model
group, AR model group with sST2 treatment, and AR
model group with rapamycin treatment). In vivo AR
model was generated by treating nasal mucosa of rats
using 1 μg/ml Derp1 (10 ml) on day 0 and 10 μg/ml
Derp1 (10 ml) from day 7 to day 11, while normal
saline was used for control group. For ARmodel group
with sST2 treatment and AR model group with rapa-
mycin treatment, at 40 min before the second sensiti-
zation, 10 ml solution containing 0.7 μg/ml sST2, or
10 μg/ml Derp1 and 0.2 nM rapamycin was adminis-
tered to the nasal mucosa of rats. All the procedures
were reviewed and approved by the Institutional
Animal Care and Use Committee.

Statistical analysis

For the statistical analysis performed in this article,
GraphPad Prism 5 (GraphPad Software, USA) was
used, and differences between different groups
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were calculated using Student t-test or one-way
ANOVA if there are more than two groups.
Difference was considered statistically significant
if P < 0.05.

Results

Dust mite allergen-treated nasal epithelial cells
(AR-HNEpC) promoted degranulation of mast
cells

To generate AR-HNEpC cells, HNEpC cells were
treated with 5 μg/ml dust mite allergen (Derp1) for
24 h. AR-HNEpC cells or untreated HNEpC cells
were co-cultured overnight with LAD2 cells in
Transwell inserts. LAD2 cells were then treated with
0.1 mg/ml C48/80, a mast cell degranulator [25], for
10min. ELISA results showed that expression levels of
mast cell degranulation markers (β-hexosaminidase,
histamine, and tryptase) were increased in LAD2 cells
which were co-cultured with AR-HNEpC cells, com-
pared to control (Figure 1(a,c)), indicating that AR-
HNEpC cells could promote mast cell degranulation.
Furthermore, calcium levels were augmented in AR-
HNEpC-co-cultured LAD2 cells (Figure 1(d)).
Toluidine blue staining further convinced the findings

that degranulation activities were stimulated in AR-
HNEpC-co-cultured LAD2 cells (Figure 1(e)). In all,
those results demonstrated that allergen-treated
epithelial cells enhanced the degranulation of mast
cells.

AR-HNEpC cells inhibited autophagy and
promoted the degranulation of mast cells
through IL-33/ST2

IL-33 expression was upregulated in AR-HNEpC
cells (Figure 2(a)), indicating that IL-33 expression
was elevated in epithelial cells when challenged with
allergen (Derp1). In order to investigate if the eleva-
tion in IL-33 expression in HNEpC could influence
the autophagy and degranulation of mast cells, AR-
HNEpC cells were transfected with sh-IL-33. ELISA
results demonstrate that AR-HNEpC increased pro-
tein levels of IL-33, which was inhibited by transfec-
tion of sh-IL-33 in AR-HNEpC (Figure 2(b)).
Moreover, LAD2 cells were treated with sST2
which blocked IL-33/ST2 signaling pathway [27]
and co-cultured with AR-HNEpC cells (AR+sST2
group). Subsequently, expression levels of autop-
hagy-related proteins (LC3-I/II, p62 and Beclin-1)

Figure 1. AR-HNEpC cells promoted mast cell degranulation. In the mast cells (LAD2) co-cultured with AR-HNEpC cells (Derp1-
treated HNEpC) or untreated HNEpC (HNEpC), levels of granule components (a) β-hexosaminidase, (b) histamine, and (c) tryptase
were upregulated in Derp1+ HNEpC group. (d) Intracellular calcium levels were stimulated in Derp1-HNEpC group. (e) Toluidine blue
showed stronger staining in mast cell cytoplasm in Derp1-treated HNEpC group. **P < 0.01.
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and degranulation in LAD2 were evaluated. Western
blot assay illustrated that autophagy was activated in
LAD2 cells which were co-cultured with AR-
HNEpC cells and depressed after silencing IL-33 or
blocking IL-33/ST2 pathway (Figure 2(c)). These
results suggested that allergen treatment stimulated
secretion of IL-33 from HNEpC, which then inhib-
ited autophagy of mast cells through IL-33/ST2 sig-
naling pathway.

Furthermore, Toluidine blue staining manifested
that mast cell degranulation was suppressed after
silencing IL-33 or blocking IL-33/ST2 pathway
(Figure 2(d)). Further results from ELISA measure-
ment testified that secretion of β-hexosaminidase,
IL-4, and IL-6 in LAD2 cells were aggravated by
AR-HNEpC, which were counteracted by knock-
down of IL-33 in AR-HNEpC or treatment of sST2
on LAD2 cells (Figure 2(e–g)). All the above data

Figure 2. AR-HNEpC cells regulated autophagy and degranulation of mast cells through IL-33/ST2 pathway. (a) Expression of IL-33
mRNA was upregulated in AR-HNEpC (Derp1-induced HNEpC cells). (b) Protein expression of IL-33 was upregulated in AR-HNEpC,
which was inhibited when AR-HNEpC cells were transfected with sh-IL-33. (c) LAD2 cells that were co-cultured with AR-HNEpC cells
showed lower LC3 I/II and Beclin-1 expression, while levels of those factors were higher after transfection of sh-IL-33 in AR-HNEpC
cells (AR+sh-IL-33), or treatment of sST2 in LAD2 cells. (d) After inhibiting IL-33 in AR-HNEpC cells or inhibiting ST2 in mast cells
(LAD2), mast cell degranulation was decreased, and (e) β-hexosaminidase, (f) IL-4, and (g) IL-6 expression levels were also lower
compared to control groups (AR and AR+sh-NC). *P < 0.05; **P < 0.01.
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indicated that AR-HNEpC cell suppressed autop-
hagy and promoted degranulation of mast cells
through IL-33/ST2 pathway.

IL-33/ST2 regulated autophagy of mast cells via
PI3K/Akt/mTOR pathway

In order to investigate the role of IL-33/ST2 and
PI3 K/mTOR pathway in autophagy of mast cell,
LAD2 cells were treated with 10 ng/ml IL-33 for
24 h, together with treatment of sST2 or selective
inhibitor on PI3 K (LY294002), Akt (AZD5363),
or mTOR (Rapamycin). The results showed that
levels of p-PI3 K, p-Akt, and p-mTOR were ele-
vated in IL-33-treated LAD2 cells, while treatment
of sST2 or selective inhibitors on PI3 K, Akt, or
mTOR resulted in blocking of the PI3K/Akt/
mTOR pathway (Figure 3(a)). Furthermore, IL-33

decreased LC3-I/II and Beclin-1 levels and
increased p62 levels, indicating inhibited autop-
hagy in LAD2 cells, while sST2 or selective inhibi-
tors counteracted the effects of IL-33 on autophagy
(Figure 3(b)). Taken together, those results indi-
cated that IL-33/ST2 pathway inhibited autophagy
of mast cells through regulation on PI3K/Akt/
mTOR pathway.

AR-HNEpC cells regulated degranulation of mast
cells via PI3K/mTOR pathway and autophagy

Firstly, LAD2 cells were treated with 3-MA, an
autophagy inhibitor [28], and then stimulated by
C48/80. Results showed that release of β-
hexosaminidase, histamine, IL-4, and IL-6 was
remarkably accelerated, and intracellular calcium
level and degranulation were increased (Figure 4

Figure 3. IL-33/ST2 pathway regulated autophagy through PI3K/mTOR pathway in mast cells. (a) Levels of p-PI3K, p-Akt,
and p-mTOR were increased in IL-33-treated LAD2 cells, which was selectively inhibited by sST2 (IL-33/sST2 blocker), LY294002
(PI3K inhibitor), AZD5363 (Akt inhibitor), or rapamycin (mTOR inhibitor). (b) IL-33 treatment inhibited expression of LC3-I/II and
Beclin-1 and promoted expression of p62, which were reversed by treatment of selective inhibitors on ST2, PI3 K, Akt, or mTOR.
*P < 0.05; ** P < 0.01; ***P < 0.001.
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(a–f)), which was similar as the increase of degra-
nulation in AR-HNEpC-co-cultured LAD2 cells
(Figure 1(a–e)). Moreover, investigation showed
that treatment of rapamycin in co-cultured AR-
HNEpC and LAD2 cells (AR+rapamycin)
decreased intracellular calcium level and degranu-
lation of mast cells, together with lower release of β-
hexosaminidase, histamine, IL-4, and IL-6 (Figure 4
(a–f)). Those findings demonstrated that AR-
HNEpC cells regulated degranulation of mast cells
through autophagy and PI3K/Akt/mTOR pathway.

Allergen exposure regulated autophagy and
degranulation of mast cells through IL-33/ST2
and PI3K/Akt/mTOR pathways in an AR model

To further explore the roles of IL-33/ST2 and PI3K/
Akt/mTOR pathways in the regulation of epithelial
cells on the autophagy and degranulation of mast
cells, SD rats were used to establish ARmodel. Levels
of autophagy were decreased in AR model (AR),
while recovered by co-treatment of Derp1 with
sST2 or rapamycin (Figure 5(a)). Additionally,
PI3K/Akt/mTOR pathway was activated in AR

group, while it was blocked by sST2 or rapamycin.
Furthermore, mast cell degranulation and release of
inflammatory factors: interleukin-6(IL-6), inter-
feron-gamma (INF-γ), and tumor necrosis factor-
alpha (TNF-α) were stimulated in AR group, which
were inhibited by sST2 or rapamycin (Figure 5(b–f)).
Those data supported our in vitro findings that aller-
gen exposure regulated autophagy and degranula-
tion of mast cell through IL-33/ST2 and PI3K/Akt/
mTOR pathways.

Discussion

AR affects a great number of population world-
wide, and as a chronic disease, symptoms of AR
can severely influence patients’ quality of life,
sleep, and work productivity [29–31]. Symptoms
of AR result from a complex allergen-driven
inflammatory response in nasal mucosa, which
involves immunoglobulin E (IgE) and different
types of inflammatory cells and pro-inflammatory
factors, e.g. cytokines [3,31]. Among those inflam-
matory cells, mast cells and IgE were found to
mediate immediate hypersensitivity response

Figure 4. AR-HNEpC cells regulated degranulation of mast cells via PI3K/mTOR pathway and autophagy. Mast cells (LAD2) were
treated with 3-MA (NC+3-MA) or co-cultured with AR-HNEpC cells and treated with rapamycin (AR+rapamycin). After stimulation
using C48/80, release of (a) β-hexosaminidase, (b) histamine, (c) IL-4, and (d) IL-6 was promoted in NC+3-MA group but not in AR
+rapamycin group; (e) levels of intracellular calcium, (f) and degranulation of mast cells were elevated in NC+3-MA group, which
was not observed in AR+rapamycin group. **P < 0.01.
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through their interactions, which triggers mast
cells to release biologically active products from
both pre-formed products in granules, a process
called degranulation, and newly formed lipid-

derived mediators and certain cytokines [32,33].
On the other hand, as the first barrier against
allergen infiltration, epithelial cells respond to
allergen exposure through releasing a wide array

Figure 5. Allergen exposure regulated autophagy and degranulation of mast cells through IL-33/ST2 and PI3K/mTOR pathways in an
AR model. An AR model was generated using SD rats and treated with sST2 (AR+sST2) or rapamycin (AR+rapamycin). (a) AR group
showed that expression levels of LC3 I/II and Beclin-1 were decreased, and p62 was increased, which were reversed by sST2 or
rapamycin treatment. (b) AR treatment enhanced the activation of PI3K/Akt/mTOR pathway proteins, which were blocked by sST2 or
rapamycin. (c) Mast cell degranulation and (d–f) levels of IL-6, TNF-α and INF-γ were promoted by AR treatment, which was
neutralized by sST2 or rapamycin treatment. *P < 0.05; **P < 0.01.
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of factors [34,35]. Therefore, investigation on their
interaction with mast cells is an interesting new
angle in the AR research.

Consistent with previous findings [18], our pre-
liminary data demonstrated that IL-33 expression
was elevated in AR-HNEpC cells (Figure 2(a,b)).
Functionally, IL-33 has been found to play impor-
tant roles in the pathogenesis of allergic disorders
[19]. On allergen exposure or parasite infection,
IL-33 was produced by specialized epithelial cells,
which initiated the pathogenic immune response
as observed in those allergic disorders [19].
Previous studies found that IL-33/ST2 signaling
pathway regulated the functions of different
immune cells (T cell, B cell, macrophage, mast
cell, etc.) [36] and mediated the production of
several pro-inflammatory factors (TNF-α, IL-6,
etc.) [37]. In addition, IL-33, which was found to
ameliorate experimental colitis in mice by inhibit-
ing autophagy of macrophages [24], have
a neuroprotective effect by inhibition on autop-
hagy [22,23]. Similarly, our results also showed
that IL-33/ST2 signaling pathway regulated the
degranulation of mast cells through autophagy
(Figures 2 and 5). Therefore, IL-33/ST2 acts as
the linkage between epithelial cells and mast cells
in AR. Upon allergen exposure, epithelial cells
release IL-33 which binds to ST2 receptor on
mast cells and regulate their degranulation and
hypersensitivity.

Previous investigations showed that autophagy
played essential roles in the pathogenesis of chronic
respiratory disease [38] and allergic inflammation
[39]. Indeed, autophagy was found to be involved
in many aspects of innate and adaptive immunity
and inflammatory responses, such as cytokine pro-
duction, phagocytosis, antigen presentation, and sur-
vival and development of lymphocytes [40,41].
Abnormalities in autophagy are associated with
abnormal immune functions, which are found in
several types of diseases, e.g. cancer, asthma, allergic
airway inflammation, chronic respiratory disease,
etc. [38,39,42,43]. Autophagy also plays a crucial
role in degranulation of mast cells. In the previous
study by Ushio et al. [16], deletion of Atg7 severely
impaired degranulation of mast cells through
impaired co-localization and release of LC3-II and
CD63. Interestingly, our results showed that aller-
gen-treated epithelial cells elevated mast cell

degranulation through impairment of autophagy,
e.g. decrease in LC-3-I/II and Beclin-1 and increase
in p62 levels (Figure 2(c)). In addition, inhibition on
autophagy using 3-MA also increased calcium influx
and degranulation of mast cells (Figure 5). Those
conflicting results of the relationship between autop-
hagy impairment and degranulation of mast cells
could be due to the different inhibition
methods used (Atg7 deletion, or 3-MA treatment/
allergen treatment) which regulate autophagy and
degranulation through different pathways. Further
investigations are required to clarify those
mechanisms.

Well known for its roles in the development and
treatment of cancer [44], PI3K/Akt/mTOR path-
way was also involved in the regulation of cellular
metabolism and immune system [45]. Our results
showed that IL-33 could increase the expression
and activation of PI3K/Akt/mTOR pathway in
mast cells (Figures 3(a,b) and 5(b)), while inhibi-
tion on PI3K pathway elevated autophagy of mast
cells (Figure 3(c)) and attenuated AR-HNEpC-
promoted calcium influx and degranulation of
mast cells (Figures 4(e,f) and 5(c)). Those findings
were consistent with previous studies that PI3K
pathway mediated the degranulation of mast cells
[46], and its inhibition attenuated mast cell degra-
nulation [47,48]. In addition, it was reported that
inhibition on PI3K pathway reduced the secretion
of IL-6 in mast cells [49]. Consistently, our results
also revealed that inhibition on PI3K pathway
reduced the release of several inflammatory factors
in mast cells, including IL-4, IL-6, TNF-α, and
INF-γ (Figures 4(c,d) and 5(d–f)). Those findings
support our hypothesis that PI3K/Akt/mTOR
pathway regulates the AR-mediated autophagy
and degranulation of mast cells.

In summary, our study results suggested that
upon allergen exposure, nasal epithelial cells
released IL-33 which then regulated degranulation
and excretion of inflammatory factors of mast cells
through activation of PI3K/Akt/mTOR pathway
and inhibition of autophagy. Further clinical inves-
tigations are on-going. Currently, very few studies
focused on the interactions between different types
of cells in AR, and our study suggested a new angle
to understand this disease. Through this new angle,
our study suggested a novel hypothesis on the
pathogenesis of AR. Future studies following this
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angle may unfold more mechanisms of AR and
possibly provide new therapeutic targets for the
disease.
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