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Abstract: An impaired epithelial barrier is often observed in allergic rhinitis (AR), which facilitates the infiltration
of allergens. The aim of this study was to investigate the role of autophagy in the impaired epithelial barrier in AR
and the related signalling pathways. A human nasal epithelial cell line was treated with dust mite allergen (Derpl).
Autophagy was evaluated by GFP-LC3 adenovirus transfection and measurement of autophagy-related proteins.
Epithelial barrier function was evaluated by measuring tight junction protein expression, transepithelial electrical
resistance, and fluorescein isothiocyanate-dextran (FD4) permeability. Next, miR-125b inhibitor, miR-125b mim-
ics, shRNA targeting FoxP3, pcDNA3.1 expressing FoxP3, and inhibitor of C-X-C motif chemokine receptor type 4
(CXCR4) were used to investigate the roles of miR-125b, FoxP3, and CXCR4 in epithelial cell autophagy and epitheli-
al barrier function. An in vivo AR model was generated by exposing rat nasal mucosa to an allergen. Derpl1 exposure
enhanced autophagy and impaired the epithelial barrier in epithelial cells. Upregulation of miR-125b expression
led to enhanced autophagy and impaired epithelial barrier through inhibition of FoxP3. Derpl exposure increased
miR-125b expression by increasing the expression and activation of CXCR4, which downregulated FoxP3 expression
and led to enhanced autophagy and an impaired epithelial barrier. In vivo analysis confirmed the role of the CXCR4/
miR-125b/FoxP3 axis in the impaired epithelial barrier in AR. This study demonstrates that the CXCR4/miR-125b/
FoxP3 axis may participate in the pathogenesis of AR by regulating autophagy in epithelial cells and dysfunction of
the epithelial barrier.
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Introduction

Allergic rhinitis (AR), also known as hay fever, is
one of the most prevalent chronic diseases
worldwide and affects one in four people world-
wide [1, 2]. Although it is not a lethal disease,
AR leads to symptoms of nasal itching, sneez-
ing, watery discharge, and many complications,
such as asthma, nasosinusitis, and nasal pol-
yps, which severely affect quality of life [1, 2].
The pathogenesis of AR has not yet been fully
clarified, but allergen exposure may play major
roles in this disease [2].

Previous studies have shown that allergens and
autophagy are related in nasal epithelial cells
[3-6]. Autophagy is an essential cellular mecha-

nism that plays important “housekeeping” roles
by removing long-lived proteins and damaged
organelles in the cytoplasm [7]. Autophagy is
involved in many cellular processes [7]. In epi-
thelial cells, autophagy was also shown to regu-
late the expression of tight junction-related pro-
teins [8]. Tight junctions between epithelial
cells are closely associated with the proper
function of the epithelial barrier, the first barrier
against allergen infiltration [9]. These findings
support the hypothesis that allergen-induced
dysfunction of the epithelial barrier via auto-
phagy could be a potential pathogenesis mech-
anism of AR. However, the underlying mecha-
nism of how allergen exposure regulates the
autophagy of epithelial cells in AR remains
unclear.
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MicroRNAs (miRNAs) are a group of short non-
coding regulatory RNAs that target mRNAs for
cleavage, resulting in translational repression
[10]. MiRNAs are involved in many biological
processes, including inflammation, cell cycle
regulation, apoptosis, differentiation, migration,
and autophagy [11]. Several miRNAs have been
found to regulate the autophagy cascade in
various ways. For example, miR-20a and miR-
106b were reported to inhibit leucine depriva-
tion-induced autophagy through suppression of
ULK1 expression [12]. MiR-30a and miR-216a
were found to downregulate the expression of
Beclin-1, resulting in decreased autophagy ac-
tivity [13, 14], and miR-216a was also found
to regulate autophagy by suppressing the ex-
pression of ATG4C [15]. A recent study report-
ed that miR-125b could induce autophagy by
suppressing FoxP3 expression [16]. In addition,
miR-125b was reported to be differentially ex-
pressed in AR patients, asthma patients, and
healthy subjects [17]. These findings suggest a
potential role of miR-125b in the regulation of
allergen-induced autophagy in epithelial cells
and dysfunction of the epithelial barrier.

Inhibition of C-X-C motif chemokine receptor
type 4 (CXCR4) expression resulted in signifi-
cant downregulation of inflammation and aller-
gen-induced responses in bronchial asthma
[18-20]. CXCR4 is a chemokine receptor and
has been shown to be involved in many patho-
logical conditions, including allergic airway dis-
eases [21]. Overexpression or activation of
CXCR4 induces the activation of many signal-
ling pathways, including ERK1/2, p38, AKT, and
mMTOR, among others [22]. A recent study indi-
cated that CXCR4 could regulate miR-125b
expression in colorectal cancer [23], but it is
not clear whether CXCR4 also regulates the
function of the epithelial barrier through miR-
125b and autophagy.

Here, we hypothesized that allergens could
activate the CXCR4/miR-125b/FoxP3 axis,
leading to enhanced autophagy of epithelial
cells and dysfunction of the epithelial barrier in
AR. The aim of our studies was to shed some
light on the mechanism of AR, which could
serve as a foundation for future discovery of
new therapeutic methods for AR.

Materials and methods
Cell culture and in vitro AR model

The human nasal epithelial cell line (HNEpC)
RPMI 2650 was purchased from American Type
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Culture Collection (ATCC, USA) and cultured
in minimum essential medium (MEM, Gibco,
USA) with 10% foetal calf serum (FCS, Gibco,
USA) as described [24]. Cells were seeded in
6-well plates with MEM and 10% FCS and cul-
tured until 60-70% confluence. The in vitro AR
model was generated by 24-hour treatment
with 5 pg/mL dust mite allergen, Derpl (Greer
Laboratories, USA). 3-Methyladenine (3-MA,
Sigma-Aldrich, USA) or AMD3100 (Sigma-Al-
drich, USA) was administered to the culture
medium at a final concentration of 5 mmol/L
(3-MA) or 20 uM (AMD3100).

Cell transfection and construction of GFP-LC3
cells

MiR-125b mimics and miR-125b inhibitor
were purchased from GenePharma (Shang-
hai, China). The shRNA-FoxP3 and pcDNA3.1-
FoxP3 vectors were obtained from GeneChem
(Shanghai, China). Cells were transfected using
Lipofectamine 2000 (Invitrogen, USA) accord-
ing to the manufacturer’s protocols. RPMI 2650
cells expressing GFP-LC3 were constructed by
transfection with GFP-LC3 adenovirus (Hanbio,
China) for 24 hours.

Extraction of total RNA and quantitative PCR

TRIzol RNA isolation reagent (Invitrogen, CA,
USA) was used to extract total RNA, and 1 ug
RNA from each sample was reverse-transcribed
using SuperScript IV VILO Master Mix (Thermo
Scientific, USA). Quantitative PCR (qPCR) was
then performed using SYBR Premix Dimmer
Eraser Kit (Takara, China) on an Applied Bio-
systems 7500 System (ABI, USA). The results
were calculated using the 2%2°t method. U6
snRNA was used as an internal reference for
miR-125b, while B-actin was used as an inter-
nal reference for the mRNAs measured. Spe-
cifically, the primers were listed in Table 1.

Protein extraction and western blot

Cells were first homogenized in HLB buffer with
protease inhibitors. Cell lysates were prepared
in SDS lysis buffer and boiled. After protein con-
centrations were determined using BCA Protein
Assay Reagent (Thermo Scientific, USA), equal
amounts of protein were loaded and separated
in SDS-polyacrylamide gels by electrophoresis.
After transferring the protein to nitrocellulose
membranes and blocking in 5% skimmed milk,
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Table 1. Primers for quantitative real-time PCR

Gene Primers Sequences (5'-3’)
CXCR4-h Forward CTCCTCTTTGTCATCACGCTTCC
Reverse GGATGAGGACACTGCTGTAGAG
miR-125b-h Forward CCTGAGACCCTAACTTG
Reverse GAACATGTCTGCGTATCTC
FoxP3-h Forward GGCACAATGTCTCCTCCAGAGA
Reverse CAGATGAAGCCTTGGTCAGTGC
Occludin-h Forward ATGGCAAAGTGAATGACAAGCGG
Reverse CTGTAACGAGGCTGCCTGAAGT
Claudin-1-h Forward GTCTTTGACTCCTTGCTGAATCTG
Reverse CACCTCATCGTCTTCCAAGCAC
Z0-1-h Forward GTCCAGAATCTCGGAAAAGTGCC
Reverse CTTTCAGCGCACCATACCAACC
JAM-A-h Forward GTGAAGTTGTCCTGTGCCTACTC

Reverse ACCAGTTGGCAAGAAGGTCACC

B-actin-h Forward

CTCCATCATGAAGTGTGACGTT

Reverse ATCTCCTTCTGCATCCTGTCAG

U6 snRNA-h Forward CGCAAGGATGACACGCAAATTC
Reverse GTGCAGGGTCCGAGGT
CXCR4-r Forward GGATGGTGGTGTTCCAGTTCTCCCCACGTAATACGGTAGC

Reverse TCCCCACGTAATACGGTAGC

miR-125b-r Forward

ACACTCCAGCTGGGTCCCTGAGACCCTAACTT

Reverse TGTCGTGGAGTCGGCAATTC

FoxP3-r Forward CCCAAATTCCTGCCTGTGCTTA
Reverse GCTGAAGACGTGTGCATCCTAT
Occludin-r Forward CAGACCACTATGAAACCGACTA
Reverse TCTCCAGCAACCAGCATC
Claudin-1-r Forward GGGACAACATCGTGACTGCT
Reverse CCACTAATGTCGCCAGACCTG
Z0-1-r Forward CACGATGCTCAGAGACGAAGG

Reverse TTCTACATATGGAAGTTGGGGATC

JAM-A-r Forward ATCCCACAACAGGAGAGCTGCTCGGCTATAGGCAAACCAG
Reverse CTCGGCTATAGGCAAACCAG

B-actin-r Forward GGGAAATCGTGCGTGACATT
Reverse CAGGAAGGAAGGCTGGAAGA

U6 snRNA-r Forward GCTTCGGCAGCACATATACTAAAATGGCAGCACATATACTAAAAT
Reverse CGCTTCAGAATTTGCGTGTCAT

h, Human; r, Rat; CXCR4, C-X-C motif chemokine receptor type 4; Z0-1, zonula occludens-1; JAM-A, junctional adhesion

molecule-A.

membranes were incubated overnight with a
primary antibody against Beclin-1 (ab207612,
Abcam), light chain 3 (LC3, ab128025, Abcam),
Occludin (ab216327, Abcam), Claudin-1 (ab-
15098, Abcam), ZO-1 (zonula occludens-1, ab-
96587, Abcam), JAM-A (junctional adhesion
molecule-A, ab180821, Abcam), FoxP3 (ab-
191416, Abcam), phospho-CXCR4 (p-CXCR4,
ab74012, Abcam), CXCR4 (ab181020, Abcam),
or B-actin (@b8227, Abcam). Membranes were
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then incubated with goat anti-rabbit IgG (ab-
6721, Abcam, USA) secondary antibody for 2
hours. Relative protein levels were determined
by band intensities quantitated with the Image
J software.

Prediction of miRNA targets

Prediction of the target genes of miR-125b
was performed using the TargetScan (www.tar-
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getscan.org) and PicTar (www.pictar.org) data-
bases.

Dual-luciferase reporter assay

To estimate whether miR-125b could bind to
the FoxP3 3'-UTR, cells were cotransfected
with a FoxP3-wild type or FoxP3-mutant report-
er plasmid and control miRNA or miR-125b
mimics using Lipofectamine 2000 (Invitrogen,
USA). Luciferase activities were then measured
using the Promega Dual-Luciferase® Reporter
Assay System (Promega, USA) according to the
manufacturer’s instructions.

Measurement of transepithelial resistance
(TER)

Cells were first seeded on polyester transwell
inserts (Corning, USA) at 10° cells per well.
After the cells reached complete confluence,
TER was then measured using an EVOM/
EndOhm system (WPI Inc, USA).

Fluorescein isothiocyanate-dextran (FD4) per-
meability assay

FD4 was purchased from Sigma-Aldrich (USA).
FD4 was added to the apical side of the cells
cultured in transwell inserts at 2 mg/mL. FD4
intensity in the fluid on the basolateral side was
measured after 4 hours using a FLUOstar
Omega fluorescence plate reader (BMG Lab-
tech, Germany).

Establishment of the in vivo AR model

For initial exposure, the nasal mucosa of rats
was exposed to 1 ug/mL dust mite allergen,
Derpl, on day 0. On days 7 to 11, a high dose
of Derpl (10 pg/mL) was administered to gen-
erate the AR model. Normal saline was used in
the control group. AMD3100 was injected sub-
cutaneously daily at 5 mg/kg, while PBS was
used for the control group. All procedures were
reviewed and approved by the Institutional
Animal Care and Use Committee of Hainan
General Hospital (Hainan, China).

Statistical analysis

Statistical analysis was performed using Gra-
phPad Prism 5 (GraphPad Software, USA). Data
are shown as the mean * standard deviation
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(SD). Student’s t test was conducted for com-
parisons between two groups. One-way analy-
sis of variance (ANOVA) followed by Tukey’s post
hoc test was carried out to compare three or
more groups. All experiments were repeated at
least 3 times. Values of P < 0.05 were consid-
ered statistically significant.

Results

Dust mite allergen promoted autophagy in na-
sal epithelial cells and damaged the function
of the epithelial barrier

After 24 hours of exposure to 5 yg/mL dust
mite allergen, Derpl, the number of autophago-
somes in human nasal epithelial cells (RPMI
2650) was increased compared to that in the
control group, while treatment with 3-MA, an
autophagy inhibitor, resulted in a lower number
of autophagosomes in Derpl-treated RPMI
2650 cells (Figure 1A). The expression levels of
the autophagy-related proteins LC3 Il/I and
Beclin-1 were also increased after Derpl expo-
sure and were inhibited by 3-MA (Figure 1B).
These results indicated that Derpl exposure
could promote autophagy in nasal epithelial
cells.

Measurement of the expression levels of epi-
thelial barrier-related proteins showed that
Occludin, Claudin-1, ZO-1 and JAM-A expres-
sion was significantly inhibited in the Derpl
group at both the mRNA and protein levels,
which was reversed by 3-MA (Figure 1C and
1D). TER is commonly used to measure the
integrity of the epithelial barrier, and a high TER
usually indicates high integrity of the epithelial
barrier [25]. In our results, TER was also signifi-
cantly lower in the group treated with Derpl
than the control group, indicating damage to
the integrity of the epithelial barrier, while 3-MA
treatment partially recovered the function of
the epithelial barrier (Figure 1E). In addition,
the FD4 permeability assay showed that Derpl
treatment significantly increased the permea-
bility of the epithelial barrier, which was also
partially recovered by 3-MA treatment (Figure
1F). These results supported the hypothesis
that allergen exposure could cause dysfunction
of the nasal epithelial barrier by promoting
autophagy.
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Figure 1. Dust mite allergen (Derp1) promoted autophagy of nasal epithelial cells and damaged the function of the
epithelial barrier. A. GFP-LC3 cells treated with PBS (Control), Derpl (Derpl), or both Derpl and 3-MA (Derp1+3-
MA), LC3 expression was tested by fluorescence microscope. B. Western blot analysis of LC3 I/l and Beclin-1 in
cells treated with PBS (Control), Derpl (Derpl), or both Derp1 and 3-MA (Derp1+3-MA). C. gPCR measurements of
Occludin, Claudin-1, Z0-1, and JAM-A in cells treated with PBS (Control), Derpl (Derpl), or both Derpl and 3-MA
(Derpl1+3-MA). D. Western blot analysis of Occludin, Claudin-1, ZO-1, and JAM-A in cells treated with PBS (Control),
Derpl (Derpl), or both Derp1 and 3-MA (Derp1+3-MA). E. TER measurement on cells treated with PBS (Control),
Derpl (Derpl), or both Derpl and 3-MA (Derp1+3-MA). F. FD4 permeability assay in cells treated with PBS (Control),
Derpl (Derpl), or both Derpl and 3-MA (Derpl1+3-MA). Data were shown as mean + SD from three independent
experiments. *P < 0.05, **P < 0.01.

A B 3 =
0 * J Control
£ 5 g 3 miR-125b mimics
2 & LC3| mo v 2 BN miR-125b inhibitor
g2 o —— T BN miR-125b mimics+3-MA
5 E Beclin-1 e s o 4 J_—
2% ' 2 1 E
£7T B-actin s ——— B
T o N ©
i 4 S &P N As) v IJ_I
o e E T ‘ 1 B
K W A .
S TP E Lcam Beclin-1
R SN
&

c 2.0 —= [ Control 2.0h wh - C9ntrol o
% = miR-125b mimics %}" : wx = m!R-125b .mlr.m.cs
8 15 B miR-125b inhibitor 2 1l B miR-125b inhibitor
% B miR-125b mimics+3-MA % . Hl miR-125b mimics+3-MA
o o
E 10] £ 104
o o
= 2
T 051 T 05
ko] ©
4 4

0.0 0.0 r .
Occludin Claudin-1 Z0-1 JAM-A
D H ke ik
Occludin == = — — 0.6 Py L3 0.8 [ Control
2 5 I [ miR-125b mimics
Claudin-1 [sess S5 s s b . Bosl ** B miR-125b inhibitor
c 04 € Bl miR-125b mimics+3-MA
ZO-1 s — — ] o
g S 04
o * [=%
JAM-A e o o — 0 02/ 0
ke T 02
B-actin  M————— E ﬁ E
N
S & & P 0.0 : . 0.0
& . .
&, s VN Occludin Claudin-1 Z0-1 JAM-A
) 6-\@‘.\'@6'\\@ \'O?\Q\Q': (ﬁ)"
ST
&

Figure 2. MiR-125b regulated autophagy and the function of the epithelial barrier. A. gPCR measurement of miR-
125b in cells treated with PBS (Control), Derpl, or cells transfected with miR-125b mimics or inhibitor. B. Western
blot analysis of LC3 and Beclin-1 in cells treated with PBS (Control), cells transfected with miR-125b mimics or inhib-
itor, or cells transfected with miR-125b mimics and treated with 3-MA (miR-125b mimics+3-MA). C. gPCR measure-
ment of Occludin, Claudin-1, ZO-1, and JAM-A in cells treated with PBS (Control), cells transfected with miR-125b
mimics or inhibitor, or cells transfected with miR-125b mimics and treated with 3-MA (miR-125b mimics+3-MA). D.
Western blot analysis of Occludin, Claudin-1, ZO-1, and JAM-A in cells treated with PBS (Control), cells transfected
with miR-125b mimics or inhibitor, or cells transfected with miR-125b mimics and treated with 3-MA (miR-125b
mimics+3-MA). Data were shown as mean * SD from three independent experiments. *P < 0.05, **P < 0.01 and
***p < 0.01.

MiR-125b regulated autophagy and the func-
tion of the nasal epithelial barrier

A previous study showed that miR-125b pro-
moted autophagy in cancer cells [23]. In our
study, we also investigated the regulatory ef-
fect of miR-125b on autophagy in nasal epi-
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thelial cells. As shown in Figure 2A, Derpl ex-
posure resulted in increased miR-125b ex-
pression in RPMI 2650 cells compared to the
control group, indicating that allergen expo-
sure could upregulate the expression of miR-
125b in nasal epithelial cells. Using miR-125b
mimics or inhibitor, we successfully overexpre-
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ssed or knocked down miR-125b expression,
respectively (Figure 2A). The expression levels
of the autophagy-related proteins LC3 Il/I and
Beclin-1 were significantly higher in the miR-
125b mimics group than in the control group,
while the miR-125b inhibitor resulted in signifi-
cantly decreased expression of LC3 II/I and
Beclin-1 compared to the control (Figure 2B).
Additional 3-MA treatment significantly decre-
ased the expression of LC3 Il/I and Beclin-1
compared to the miR-125b mimics group (Fig-
ure 2B). These results indicated that miR-
125b could promote autophagy in nasal epi-
thelial cells. On the other hand, the expression
levels of epithelial barrier-related proteins, in-
cluding Occludin, Claudin-1, Z0-1, and JAM-A,
were significantly lower in the miR-125b mi-
mics group and higher in the miR-125b inhibi-
tor group than in the control group (Figure 2C
and 2D). Further treatment with 3-MA in the
miR-125b mimics group led to recovery of the
expression of epithelial barrier proteins (Fig-
ure 2C and 2D). These results supported the
notion that miR-125b could inhibit the expres-
sion of essential proteins in the epithelial bar-
rier by inducing autophagy.

MiR-125b regulated autophagy in epithelial
cells via FoxP3

Using online bioinformatics tools (TargetScan
and PicTar), we investigated the binding site of
miR-125b on FoxP3, and the results showed
that miR-125b was able to bind to the 3'UTR
of FoxP3 (Figure 3A). Dual-luciferase reporter
assay also showed that cells transfected with
both FoxP3-wild type plasmid and miR-125b
mimics showed significantly decreased lucif-
erase activity compared to control cells and
cells transfected with FoxP3-mutant plasmid
and miR-125b mimics, indicating the potential
binding of miR-125b and FoxP3 (Figure 3B).
The expression levels of FoxP3 were also sig-
nificantly lower when cells were treated with
miR-125b mimics and significantly higher when
cells were treated with miR-125b inhibitor at
both the mRNA and protein levels (Figure 3C
and 3D), indicating that miR-125b could inhibit
the expression of FoxP3 in nasal epithelial
cells. Western blot results showed that inhibi-
tion of FoxP3 expression reversed the down-
regulation of autophagy by the miR-125b inhibi-
tor, while FoxP3 overexpression inhibited the
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upregulation of LC3 I/l and Beclin-1 expression
by the miR-125b mimics (Figure 3E). These re-
sults indicated that the enhancement of auto-
phagy by miR-125b in epithelial cells was pos-
sibly through inhibition of FOxP3 expression.

Allergen enhanced miR-125b expression and
autophagy by upregulating CXCR4

Both CXCR4 mRNA and protein expression lev-
els were found to be significantly increased in
nasal epithelial cells treated with Derpl, while
treatment with both Derp1 and a CXCR4 inhibi-
tor (AMD3100) resulted in significantly lower
CXCR4 expression levels than Derpl treatment
only (Figure 4A and 4B). In addition, the level
of p-CXCR4 was also increased in the Derpl
group, and additional treatment with AMD3100
significantly decreased the level of p-CXCR4
(Figure 4B). Nasal epithelial cells treated with
Derpl also showed an increased number of
autophagosomes compared to the control
group, which could be reversed by AMD3100
(Figure 4C). All these results indicated that an
allergen could increase the expression and
activation of CXCR4, which may participate in
the upregulation of autophagy upon allergen
exposure. Furthermore, nasal epithelial cells
treated with Derpl showed significantly incre-
ased miR-125b expression level compared to
the control, which could be reversed by AMD-
3100 (Figure 4D). These results suggested an
important role of CXCR4 in the regulation of
miR-125b expression by allergen exposure.

Allergens influence the autophagy of epithelial
cells and the function of the epithelial barrier
by regulating the CXCR4/miR-125b/FoxP3
axis

To further clarify the roles of CXCR4, miR-125b
and FoxP3 in the regulation of autophagy in epi-
thelial cells and their function in the epithelial
barrier, we used AMD3100 to treat epithelial
cells transfected with miR-125b mimics or sh-
FoxP3. Western blot results showed that after
treatment with AMD3100, the expression lev-
els of autophagy-related proteins (LC3 II/I and
Beclin-1) were significantly decreased com-
pared to those in the control, and transfection
with miR-125b mimics or sh-FoxP3 significant-
ly increased the levels of LC3 I/l and Beclin-
1 (Figure 5A). These results suggested that
CXCR4 may regulate autophagy through miR-
125b and FoxP3.
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The expression levels of epithelial barrier-relat-
ed proteins were also investigated, and the
results showed that after treatment with
AMD3100, the expression levels of those pro-
teins were higher than those in the control
group, and these effects were reversed by
transfection with miR-125b mimics or sh-FoxP3
(Figure 5B and 5C), suggesting that CXCR4
could also regulate the epithelial barrier
through miR-125b and FoxP3. Measurement
of the TER and the FD4 permeability assay
showed significantly increased TER and de-
creased permeability in nasal epithelial cells
treated with AMD3100, and transfection with
miR-125b mimics or sh-FoxP3 reversed the
effects of AMD3100 treatment on TER and per-
meability of the epithelial barrier (Figure 5D
and 5E), which further supported the roles of
CXCR4, miR-125b and FoxP3 in the regulation
of nasal epithelial barrier function. Taken
together, these results in Figures 4 and 5 indi-
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cated that allergens could regulate the au-
tophagy of epithelial cells and the function of
the nasal epithelial barrier through regulation
of CXCR4 expression and subsequent changes
in miR-125b and FoxP3 levels.

Validation of the regulatory effects of the
CXCR4/miR-125b/FoxP3 axis on autophagy
and the epithelial barrier in an in vivo AR
model

Derpl was used to generate an in vivo AR
model. Normal saline was used instead in the
control group. In the other two groups, either
AMD3100 or 3-MA was used together with
Derpl (Derp1+AMD3100 and Derpl+3-MA) to
treat the animals. The results showed that the
expression levels of autophagy-related proteins
(LC3 I/ and Beclin-1) were significantly in-
creased and those of epithelial barrier-related
proteins (Occludin, Claudin-1, ZO-1, and JAM-A)
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treated with AMD3100. C. Western blot analysis of Occludin, Claudin-1, Z0-1, and JAM-A in cells treated with PBS or
AMD3100 and in cells transfected with miR-125b mimics or sh-FoxP3 and treated with AMD3100. D. Measurement
of TER in cells treated with PBS or AMD3100 and in cells transfected with miR-125b mimics or sh-FoxP3 and treated
with AMD3100. E. FD4 permeability assay in cells treated with PBS or AMD3100 and in cells transfected with miR-
125b mimics or sh-FoxP3 and treated with AMD3100. Data were shown as mean * SD from three independent

experiments. *P < 0.05, **P < 0.01.

were significantly decreased in nasal epithelial
cells from animals treated with Derpl only com-
pared to the control group, and treatment with
AMD3100 or 3-MA reversed the effects of
Derpl on autophagy-related proteins and epi-
thelial barrier-related proteins (Figure 6A-C). Th-
ese results suggested that inhibition of CXCR4
or autophagy could help reduce the effect of
allergens on epithelial cell autophagy and the
epithelial barrier in an animal model of AR.

On day 12, FD4 was administered to the nasal
mucosa of all four groups of animals, and
serum levels of FD4 fluorescence intensity
were measured. The results showed that ser-
um from animals treated with Derpl had the
highest fluorescence intensity compared to the
control group, while the addition of AMD3100
or 3-MA resulted in less serum fluorescence
intensity compared to the Derpl only group
(Figure 6D). These results indicated that aller-
gens could impair the function of the epithelial
barrier and autophagy of epithelial cells throu-
gh the CXCR4/miR-125b/FoxP3 axis. In addi-
tion, inhibition of autophagy or CXCR4 could
enhance the epithelial barrier in AR.

Discussion

Allergen exposure plays important roles in the
pathogenesis of AR. The nasal epithelial barrier
serves as the first physiological barrier against
the infiltration of allergens. However, dysfunc-
tion of this barrier, e.g., impaired tight junction
structure, has been observed in AR patients,
which may contribute to the pathogenesis of
the disease [9]. It is therefore important to
understand the underlying mechanism of the
disruption of the epithelial barrier in AR, which
could possibly provide new therapeutic targets
in the future.

Autophagy of epithelial cells was found to re-
gulate the expression of tight junction-related
proteins and therefore the function of the epi-
thelial barrier [8]. Epithelial barrier dysfunction
has been observed in AR caused by diesel ex-
haust [26], and alternaria [27], and interferon-
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inducible proteins were found to play essential
roles in patients with AR [28]. Our results sh-
owed that allergen exposure could enhance
autophagy in nasal epithelial cells (Figure 1A
and 1B). In addition, allergen exposure could
also inhibit the expression of epithelial barrier-
related proteins, leading to decreased electro-
nic resistance and increased permeability of
the nasal epithelial barrier (Figure 1C-F). Sub-
sequent in vivo studies also showed enhan-
ced autophagy and damaged epithelial barrier
functions in the AR animal model (Figure 6).
These results were consistent with previous
findings that house dust mite-induced AR
patients had impaired nasal epithelial barrier
function and decreased expression of tight
junction proteins (Occludin and Z0-1) [29]. Our
findings further suggested a possible role of
autophagy in allergen-induced epithelial bar-
rier dysfunction and the pathogenesis of AR.

MiRNAs are important regulatory molecules
that are involved in many biological processes
and diseases, including autophagy and AR [17,
30]. Several miRNAs were found to be differen-
tially expressed in patients with AR and asth-
ma, including miR-125b, miR-16, miR-299-5p,
miR-126, miR-206, and miR-133b [17]. Among
those miRNAs, miR-16, miR-125b and miR-
381-3p are involved in the dysregulation of the
intestinal epithelial barrier [31, 32], and miR-
143 and miR-145 are involved in the disruption
of the cervical epithelial barrier [33]. Our results
showed that miR-125b also induced autophagy
of nasal epithelial cells and decreased the
expression of epithelial barrier proteins, which
was similar to observations in the Derpl-treat-
ed in vitro AR model (Figure 2). Further investi-
gation showed that those effects of miR-125b
on autophagy and the epithelial barrier were
possibly through suppression of FoxP3 ex-
pression (Figure 3), which was similar to the
findings in thyroid cancer [16]. These findings
suggested that the abnormal expression le-
vels of miR-125b in AR could contribute to its
impaired epithelial barrier functions by induc-
ing autophagy in epithelial cells.
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A previous study found that CXCR4 expression
was significantly higher in the nasal tissue of
symptomatic AR patients than in the normal
population [34]. A specific inhibitor of CXCR4,
AMD3100, was reported to attenuate allergic
lung inflammation and airway hyperreactivity
[20], and the underlying mechanism included
downregulation of MMP-9 and ERK1/2 [19] or
inhibition of the T cell-related immune response
[18]. Another study showed that the CXCL12/
CXCR4 axis could enhance autophagy via miR-
125b in colorectal cancer [23]. Similarly, our
results showed that the upregulation of miR-
125b by dust mite allergen occurred through
upregulation and activation of CXCR4 (Figures
4 and 5), which led to the downregulation of
FoxP3 expression, increase in autophagy in epi-
thelial cells and dysfunction of the epithelial
barrier.

Overall, our results suggest a role for the
CXCR4/miR-125b/FoxP3 axis in the pathogen-
esis of AR, which regulates autophagy of epi-
thelial cells, as well as the function of the epi-
thelial barrier. Future investigations may invol-
ve validation of this hypothesis in clinical sub-
jects, and factors in this pathway could serve
as potential therapeutic targets for AR in the
future.
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