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Abstract

Rationale: Bronchial epithelial cell damage occurs in patients
with bronchial asthma. Ezrin, a membrane-cytoskeleton protein,
maintains cellular morphology and intercellular adhesion and
protects the barrier function of epithelial cells.

Objectives: To study the role of ezrin in bronchial epithelial cells
injury and correlate its expression with asthma severity.

Methods: Levels of ezrin were measured in exhaled breath
condensate (EBC) and serum in patients with asthma and BAL fluid
(BALF) from a mouse model of asthma by ELISA. The regulation
of IL-13 on ezrin protein levels was studied in primary bronchial
epithelial cells. Ezrin knockdownusing shRNAwas studied inhuman
bronchial epithelial 16HBE cells.

Measurements and Main Results: Ezrin levels were decreased in
asthmatic EBC (92.76 34.99 vs. 150.56 10.22 pg/ml, P, 0.0001)
and serum (700.76 55.59 vs. 279.26 25.83 pg/ml, P, 0.0001)

compared with normal subjects. Levels were much lower in
uncontrolled (P, 0.001) and partly controlled patients (P, 0.01)
compared with well-controlled subjects. EBC and serum ezrin levels
correlated with lung function in patients with asthma and serum
ezrin levels were negatively correlated with serum IL-13 and
periostin. IL-13–induced downregulation of ezrin expression in
primary bronchial epithelial cells was significantly attenuated by the
Janus tyrosine kinase 2 inhibitor, TG101348. Ezrin knockdown
changed 16HBE cell morphology, enlarged intercellular spaces, and
increased their permeability. Ezrin expression was decreased in the
lung tissue and BALF of “asthmatic” mice and negatively correlated
with BALF IL-13 level.

Conclusions: Ezrin downregulation is associated with IL-13–induced
epithelial damage and might be a potential biomarker of asthma
control.
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Asthma affects at least 300 million people
worldwide, and more than 250,000 people
die of this disease every year (1). Bronchial
asthma is a chronic airway inflammatory
disease, involving a variety of cells
(including airway structural cells and
inflammatory cells) and cytokines (2).
Defective epithelial barrier integrity and
abnormal epithelial shedding have been
reported in asthma, which is important, as
airway epithelial cells are the first line of
defense against inhaled allergens and
environmental exposures in asthma (3).
The impaired epithelial barrier may
facilitate penetration of environmental
allergens, which can subsequently activate
innate immune responses and increase
asthma severity and susceptibility (4).
Moreover, the damaged bronchial
epithelium releases inflammatory and
growth factors that act on airway smooth
muscle cells to alter their function, which
leads to airway hyperresponsiveness (5).
Importantly, the structural changes
occur early in asthma pathogenesis, even
years before the appearance of asthma
symptoms (6).

Epithelial barrier destruction is
associated with reduced mucociliary
clearance, decreased cell–cell adhesion, and
increased intercellular space and permeability
(4). These changes may occur, at least
in part, due to chronic inflammation.
Epithelial cells are a direct target for
IL-13 (7), which causes a reduction in

ciliary beat frequency and in epithelial
tight junctions (TJs) (8) and enhances
mucus production (7). However, the
underlying molecular mechanism of
IL-13–induced airway epithelial damage
is still not clear.

Epithelial cell–cell and cell–substrate
adhesion are dependent upon intracellular
junctions by regulating E-cadherin and
b-catenin and an orderly arrangement of
the cytoskeleton (9). AKAPs (A-kinase
anchoring proteins), a family of over 50
scaffold proteins, have been reported to
enhance barrier stabilization by coordinate
the stabilizing effect of PKA (protein kinase
A) on the cellular barrier (10) and
interacting with cadherins (11). The ERM
(ezrin–radixin–moesin) family can also
act as AKAPs (12–14) by building and
maintaining the epithelial barrier via
connecting transmembrane proteins to the
actin cytoskeleton (15). Ezrin (AKAP78),
as a constituent of microvilli in regions
containing densely packed actin filaments
(16), was demonstrated to coprecipitate
with b-catenin and E-cadherin (17) in
cell–cell and cell–matrix adhesion and
regulate tissue architecture by influencing
actin assembly (18). By controlling the
localization and function of certain apical
membrane proteins, ezrin has been
implicated in microvillus formation,
epithelial cell structure, and polarity (19).
Moreover, loss of ERM protein in
Drosophila results in the damage of
mucosal barrier function after the
disruption of cellular morphology and the
presence of cellular invasion and migration
(20). In addition, ezrin has been detected
in exosomes released from human

mesothelioma cells, which suggests that
ezrin may be secreted through exosomes
(21).

We hypothesized that ezrin may be
associated with epithelial damage, and
might be a potential biomarker for
patients with asthma. We aimed to
examine ezrin expression and function in
bronchial epithelial cells in a murine model
of allergic asthma and in patients with
asthma.

Methods

Additional detail on the method for making
these measurements is provided in the
online supplement.

Patient Exhaled Breath Condensate

and Serum Collection

Human exhaled breath condensate (EBC)
and serum samples were collected from
respiratory outpatients with asthma of the
First Affiliated Hospital of Nanjing Medical
University, Nanjing Jiangning People’s
Hospital and Nanjing First Hospital, and
community healthy volunteers. The EBC
was collected by using an EcoScreen
condenser (Jaeger) (22). The diagnosis of
bronchial asthma and severity of asthma
were based on the Global Initiative for
Asthma (GINA) guidelines (23). All
subjects were nonsmokers. The clinical
characteristics of the patients are shown in
Table 1. We followed-up six patients who
were treated with the combination of low-
dose inhaled corticosteroids (budesonide)
and rapid-onset long-acting b2-agonists
(formoterol) in a single inhaler and

Table 1. Baseline Patient Characteristics

Characteristics Control Group Asthma Group P Value

n 23 61
Sex, male/female 10/13 25/36 0.836
Age, yr 50.886 1.151 49.356 1.098 0.6549
BMI, kg/m2 24.566 0.851 24.116 0.582 0.6886
Smoking, pack-years 0 0
FEV1 2.3786 0.063 1.9086 0.123 0.0354*
FEV1% predicted 96.256 2.390 72.456 3.469 0.0002†

FEV1/FVC 75.576 2.178 66.376 1.683 0.0022‡

PEF 5.0236 0.3377 4.1926 0.2939 0.0976

Definition of abbreviations: BMI = body mass index; PEF = peak expiratory flow.
Data are shown as mean6 SD.
*P, 0.05 compared with control groups.
†P, 0.001 compared with control groups.
‡P, 0.01 compared with control groups.

At a Glance Commentary

Scientific Knowledge on the

Subject: Bronchial epithelial cell
damage occurs in patients with
bronchial asthma. However, the
underlying molecular mechanisms of
IL-13–induced epithelial damage in
asthma are unclear.

What This Study Adds to the

Field: This study shows that ezrin
levels were decreased in exhaled breath
condensate and serum of patients with
asthma, and was negatively related to
lung function, which might be a
potential biomarker of asthma
control. The expression of ezrin was
downregulated by IL-13 and may be
the cause of defective epithelial barrier
function in asthma.
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recorded their lung function and symptom
control. Additional patient serum samples
were from the U-BIOPRED (Unbiased
Biomarkers for the Prediction of
Respiratory Disease Outcomes) study (24).
Our study was approved by the Medical
Ethics Committee of the First Affiliated
Hospital of Nanjing Medical University
(no. 2013-SRFA-037).

Animal Experiments

BALB/c mice (6–8 wk old, 206 0.7 g)
were randomly divided into four groups:
control; ovalbumin (OVA); anti-IgG
plus OVA; and anti–IL-13 plus OVA.
Protocols for the OVA-induced acute
asthma model, as well as an anti-IgG
(cat. no. RD AP132P) and an anti–IL-13
(cat. no. RD AF-413-NA) (30 mg/mouse)
in an allergic asthma model, were as
previously described (25, 26), and are
summarized in Figure E1A. Lung tissues
were fixed with 4% paraformaldehyde
and subsequently embedded in paraffin
for immunohistochemistry staining using
a rabbit monoclonal anti-ezrin antibody
and an anti–E-cadherin antibody (both
Cell Signaling Technology Inc.; 1:100)
and a rabbit polyclonal anti–ZO-1
antibody (1:100; Proteintech Group
Inc.). Hematoxylin and eosin–stained, fixed
lung tissue sections were used to assess
inflammation.

Cell Culture and Lentivirus shRNA

Gene Transfection

Human primary bronchial epithelial cells
(PBECs; ScienCell Research Laboratories)
and 16HBE cells were cultured as described
previously (27, 28). 16HBE cells were
transfected with lentiviruses (LVs)
encoding for a control shRNA or human
ezrin-shRNA–targeting GFP.

Exosomes Isolation and Identification

16HBE cell supernatant underwent
sequential preparative ultracentrifugation
using a Beckman ultracentrifuge, as
previously described (29). Particle size
distribution of exosomes was analyzed by
nanoparticle tracking analysis by using a
ZETASIZER Nano ZS apparatus (Malvern
Instruments) and exosomal markers, CD9
and CD63 (Abcam), were also examined by
Western blotting.

Transmission Electron Microscopy

Samples (exosomes and ultrathin sections
of mouse lung tissue) were prepared as
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Figure 1. Ezrin expression was decreased in exhaled breath condensate (EBC) of patients with asthma

and positively correlated with lung function. (A) Ezrin expression in EBC samples from patients with asthma

(n=56) and healthy control volunteers (n=19) was detected by ELISA. Decreased levels of ezrin were

associated with the degree of asthma symptom control according to the asthma control test scores.

(B) The relationship between ezrin and FEV1, FEV1% predicted, and FEV1/FVC, n=40–47. (C) Correlation

between ezrin EBC levels and FEV1 and FEV1/FVC of patients (n=6) before and after asthma symptom

control using analysis of covariance (ANCOVA). The data were analyzed using Wilcoxon rank-sum test

and Kruskal-Wallis test in A, Pearson’s correlation test in B. FEV1%pred =FEV1% predicted; ns = not

significant. **P, 0.01 and ***P, 0.001 compared with respective control groups.
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Figure 2. Reduced serum ezrin levels of patients with asthma correlate positively with lung function and negatively with serum IL-13 and periostin levels.

(A) The expression of ezrin in serum was reduced in patients with asthma (n = 59) compared with healthy control subjects (n = 18). Serum levels of ezrin

were decreased according to the degree of asthma control: well-controlled group (n = 19); partly controlled group (n = 13); and uncontrolled group (n = 23).

(B) The correlation between ezrin levels in exhaled breath condensate (EBC) and in serum (n = 34). (C) Ezrin mRNA expression in blood cells in severe

ORIGINAL ARTICLE

Jia, Yan, Jiang, et al.: Ezrin, a Biomarker of Bronchial Epithelial Damage in Asthma 499



described previously (29, 30) and were
photographed under transmission electron
microscopy (JEOL-1010; Jeol).

ELISA

The levels of IL-4, IL-5, IL-13 (R&D
Systems), and ezrin in mouse BAL fluid
(BALF; CSB-EL007914MO; Cusabio) and
human serum ezrin (SEB297Hu; Cloud
Clone Corp.), IL-13, periostin, and IgE were
measured by ELISA kit, according to the
manufacturer’s instructions.

Measurement of Transepithelial

Electrical Resistance and Epithelial

Permeability

Transepithelial electrical resistance (TER)
of the 16HBE cells, grown in 24-well
Transwell (Corning Costar) inserts,
was measured daily using the Millicell-ERS
system (Millipore Co.) (31). Paracellular
flux across the epithelium was measured
using fluorescein isothiocyanate–labeled
4-kD dextran (0.5 mg/ml) (Sigma-Aldich)
added to the upper chamber followed
by incubation for 2 hours at 378C.

Statistical Analysis

All data are presented as mean (6SEM),
and P less than 0.05 was considered
significant. The statistical analyses
were performed using GraphPad Prism
software v5.0 (GraphPad Software, Inc.).
Experiments with multiple comparisons
were evaluated by one-way ANOVA
followed by Student-Newman-Keuls
post hoc test or Bonferroni’s post hoc
test (normally distributed parameters)
and Kruskal-Wallis test (nonnormally
distributed parameters) for multiple
data sets. Comparisons between two
groups were performed with an unpaired
Student’s t test for normally distributed
parameters and with Wilcoxon rank-sum
test for nonnormally distributed
parameters.

Results

Ezrin Expression Was Decreased in

EBC of Patients with Asthma and

Positively Correlated with Lung

Function

Ezrin concentrations in EBCwere significantly
reduced in patients with asthma (150.56
10.22 pg/ml) compared with normal subjects
(392.76 34.99 pg/ml) (Figure 1A). Ezrin
concentrations decreased according to
asthma control: well-controlled group
(243.86 15.36 pg/ml); partly controlled
group (133.66 9.08 pg/ml); and uncontrolled
group (98.136 8.38 pg/ml). Subjects with
poor symptom control had a 1.92-fold-lower
level of ezrin in EBC than those with well-
controlled asthma (Figure 1A). Ezrin levels in
EBC correlated positively with lung function
(FEV1, FEV1% predicted, and FEV1/FVC) as
a measure of airway obstruction (Figure 1B).
In a substudy, we found that ezrin EBC
levels were increased, accompanying the
improvement in lung function seen in six
patients after treatment with combination
therapy (Figure 1C).

Reduced Serum Ezrin Levels of

Patients with Asthma Correlate

Positively with Lung Function and

Negatively with Serum IL-13 and

Periostin Levels

The serum levels of ezrin in patients with
asthma were significantly decreased
(279.26 25.83 pg/ml) compared with
healthy control subjects (700.76
55.59 pg/ml), and successively decreased
in well-controlled (446.16 35.54 pg/ml),
partly controlled (256.36 32.35 pg/ml),
and uncontrolled asthma (174.56 16.73
pg/ml) (Figure 2A). Subjects with poor
symptom control had a 3.77-fold-lower
level of serum ezrin than those with well-
controlled asthma. We validated the
reduction in ezrin expression in asthma
in the U-BIOPRED cohort, which

demonstrated a significant reduction in
ezrin mRNA expression in blood cells in
severe asthma compared with healthy
control subjects (false discovery rate =
1.593 1025) (Figure 2C). Ezrin gene
expression was negatively correlated
(r =20.463, adjusted P = 3.40228E209) with
the enrichment score of IL-13–stimulated
epithelial cell–derived T2 signature genes in
patients with asthmatic (severe, nonsevere)
patients and healthy subjects (Figure
2D). However, there was no impact of
corticosteroid use on ezrin expression in
the U-BIOPRED cohort (data not shown).
In our study, ezrin levels in serum were
positively related to levels of EBC ezrin
(Figure 2B) and lung function (FEV1,
FEV1% predicted, and FEV1/FVC)
(Figure 2E). The level of serum IgE
(2.24-fold; 959.76 228.2 vs. 427.86
59.12 ng/ml), IL-13 (2.44-fold; 642.86
68.05 vs. 263.36 62.57 pg/ml), and
periostin (2.01-fold; 24.416 0.82 vs.
12.136 0.68 ng/ml) were increased in
patients with asthma compared with healthy
control subjects. Serum ezrin was negatively
correlated with IL-13 and periostin, although
not related to IgE (Figure 2F).

Ezrin Is Expressed on Exosomes

Secreted by Bronchial Epithelial Cells

The electron microscopic images showed
vesicles derived from 16HBE supernatant
with the characteristic cup-shapemorphology
of exosomes (Figure 3A). The mean
size distribution was 124 nm, and the
percentage of particles between 20 and
200 nm was 84.3% (Figure 3B), which
corresponds to the exosome size. Western
blotting analysis was performed on exosome
lysates from the culture supernatants.
As depicted in Figure 3C, the exosome
markers, CD63 (53 kD) and CD9 (25 kD)
proteins, were detected. All these results
confirm the presence of exosomes in
bronchial epithelial cell culture supernatants.
We further isolated exosomes derived

Figure 2. (Continued). asthma compared with healthy control subjects, by cohort (adjusted P = 0.0022). Graphs are expressed as log2 intensity robust

multiarray average signals. The differences between healthy control subjects and patients with severe asthma were analyzed using the Benjamini-

Hochberg method for adjusted P value/false discovery rate. (D) The correlation between EZR expression and T2 signature gene expression in IL-13–

stimulated epithelial cells from patients with asthma and healthy subjects (n = 147). Ezrin gene expression is presented as log2 intensity robust multiarray

average signals and the expression of the IL-13 signature genes as an enrichment score. (E) The relationship between serum ezrin and FEV1, FEV1%

predicted, and FEV1/FVC (n = 44–47). (F) The concentrations of serum IgE (asthma group, n = 18; control group, n = 14), IL-13 (asthma group, n = 29;

control group, n = 13), and periostin (asthma group, n = 56; control group, n = 23) were measured using ELISA (upper panels), and their relationships with

ezrin were also analyzed (lower panels). Data were quantified and expressed as mean6 SD. **P, 0.01 and ***P, 0.001 compared with respective

control subjects. The data were analyzed using Wilcoxon rank-sum test (A), IgE and periostin (F), Student’s t test in IL-13 (F), and Pearson’s correlation test

(B and D–F). EZR = ezrin; FEV1%pred = FEV1% predicted; HC = healthy nonsmoking control subjects; MMA =mild/moderate nonsmoking asthma; ns =

not significant; SAn = severe nonsmoking asthma; SAs = smokers with severe asthma.
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from supernatant of IL-13–treated 16HBE
cells, and found that ezrin protein was
expressed on exosomes and was decreased
compared with control group (Figure 3C),
which suggests that ezrin is likely to be
secreted via exosomes under the influence
of IL-13.

IL-13 Downregulates Ezrin

Expression in Bronchial Epithelial

Cells by the Janus Tyrosine Kinase

2/Signal Transducer and Activator of

Transcription 6 Pathway

We examined the effect of the T-helper cell
type (Th) 2 cytokines, IL-4 and IL-13, and
the Th1 cytokine, TNF-a, on ezrin mRNA
and protein expression in 16HBE cells.

IL-13 markedly reduced the expression of
ezrin mRNA (reduced by 48.2%) and
protein (reduced by 45.7%), whereas a
similar observation was made for IL-4
effects on ezrin mRNA and protein levels
(reduced by 41.6% and 27.4%, respectively)
(Figures 4A and 4B). TNF-a had no
significant effect on the ezrin mRNA and
enhanced ezrin protein expression at 24
hours only (Figures 4A and 4B). A similar
effect of IL-13 on reducing ezrin protein
expression was seen in PBECs (Figure 4C).

To explore molecular mechanism for
IL-13–mediated ezrin, PBECs were treated
with IL-13 for 1 hour. IL-13 induced
phosphorylation of JAK2 (Janus kinase 2)
(p-JAK2), followed by an increase of its

downstream p-STAT6 (phosphorylated
signal transducer and activator of
transcription 6) nuclear translocation, and
subsequently leading to inhibition of ezrin
protein expression; however, the effect was
reversed by pretreatment of PBECs with the
JAK2 inhibitor TG101348 (Figure 4C).
These data suggest that IL-13–induced
downregulation of ezrin in bronchial
epithelial cells is due, at least in part, to a
JAK2/STAT6-dependent pathway.

Ezrin Depletion Alters Cell

Morphology and Increases Cellular

Permeability

To determine whether the decrease in ezrin
expression induced by IL-13 was associated
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with the damage of bronchial epithelial cells,
ezrin expression was knocked down in
16HBE cells using LV-shRNA. Ezrin was
successfully transfected with LVs encoding

GFP (Figure 5A), resulting in knockdown
of ezrin mRNA (Figure 5A) and protein
levels (Figure 5A). Ezrin-shRNA2 was the
most effective shRNA, with a knockdown

efficiency of 80% for mRNA and 70% for
protein.

Knockdown of ezrin using LV-shRNAs
1–3 could all result in marked morphological
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changes in 16HBE cells. This changed from
a typical multilateral paving stone–like
appearance to a round or fusiform
appearance accompanied by protrusions
from the cells (Figure 5B). Furthermore,
the TER of bronchial epithelial cells
was significantly decreased, from 120.1
(62.51) to 78.21 (62.51) V cm2 and the
intercellular space and permeability were
increased after ezrin depletion, which was
similar to that seen with IL-13 treatment.
However, these impaired features could be
alleviated with TG101348 pretreatment
(Figures 5B and 5C).

Ezrin Expression and Epithelial

Cell–Cell Adhesion Were Decreased

in a Mouse Model of Asthma and

Prevented by Anti–IL-13 Treatment in

Lung Tissue

To further confirm the involvement of IL-13
in epithelial damage of allergic asthma,
we established an allergic asthma and an
anti–IL-13-in-allergic-asthma model (see
Figure E1 in the online supplement). OVA
significantly thickened the trachea wall,
widened intercellular space, and enhanced
inflammatory cell infiltration, which was
attenuated by anti–IL-13 antibody
treatment (Figure 6A). The epithelial
cell–cell adherence was clearly damaged
in the allergic asthma model, whereas
prophylactic treatment with a neutralizing
IL-13 antibody alleviated the destruction of
the cellular TJs (Figure 6B). In addition, the
expression of TJ marker, ZO-1, and of
the adherens junction marker, E-cadherin,
were both decreased in the lung of mice
with allergic asthma (Figure 6A). These
changes were not seen in the anti–IL-13
antibody–treated animals (Figures 6A
and 6B).

Ezrin expression was localized to the
apical membrane of bronchial epithelial cells
and clearly reduced in “asthma mice”
(Figures 6C). Ezrin levels were also
suppressed in the BALF of “asthmatic
mice” (205.96 34.71 pg/ml) compared
with controls (1,0996 166.1 pg/ml), and
were negatively correlated with increased

BALF IL-13 (r =20.6374, P = 0.0191)
(Figure 6D). However, there was no
significant difference in BALF ezrin
expression between “asthmatic mice” and
anti–IL-13 antibody–treated mice (173.66
19.64 pg/ml; Figure 6D).

Discussion

We demonstrated that ezrin levels in serum
and EBC were reduced in subjects with
asthma compared with healthy control
subjects, and were correlated positively with
lung function. In contrast, serum ezrin was
negatively correlated with serum IL-13 and
periostin. We demonstrated that IL-13
downregulated ezrin levels in airway
epithelial cells, and that this was mediated
by the JAK2/STAT6 signaling pathway.
Knockdown of ezrin in bronchial epithelial
cells had a similar effect on epithelial
damage, including increased intercellular
space and permeability, as seen with IL-13,
which implicates ezrin in this important
aspect of asthma pathogenesis. Moreover,
we discovered that ezrin could be secreted
from airway epithelial cells via exosomes
under the influence of IL-13. In an animal
model of allergic asthma, OVA challenge
resulted in decreased ezrin expression and
epithelial cell–cell adhesion in lung tissue,
and this was prevented by anti–IL-13
treatment. These results indicated that
decreased ezrin, due to IL-13, may be the
cause of defective epithelial barrier in
asthma, and may be a potential biomarker
of asthma airway epithelial cell dysfunction
or remodeling.

Ezrin was initially identified as a cross-
linker between the plasma membrane and
the cortical cytoskeleton (16). It is highly
enriched and colocalizes with actin at the
apical surface of many types of simple
epithelial cells that have microvilli (32, 33).
Based on its localization and protein-
binding activity, ezrin has been implicated
in regulating a variety of cellular processes,
including cell polarity (34), epithelial
morphology (18), and cell–cell and

cell–substrate adhesion (35, 36), all of
which are essential for maintenance of
epithelial barrier integrity.

Ezrin protein maintains a dormant,
inactive conformation through masking of the
interaction between its FERM (band 4.1,
ERM) and the C-terminal domains in the
cytoplasm (15). Activation of ezrin is
triggered by phosphorylation at certain
residues: threonine residue (Thr567 in ezrin)
through p38 MAPK (mitogen-activated
protein kinase)- and PKC-dependent
mechanisms (36, 37) or of tyrosine residues
(Tyr353 in ezrin) driven by the JNK
(c-Jun N-terminal kinase)/MKK7 (mitogen-
activated protein kinase kinase 7) pathway
(38). JAK2, consisting of a FERM domain
and an atypical Src homology 2 domain, is an
indispensable regulator in IL-13/STAT6
signaling pathways (39). A previous
study also indicated that ezrin may be a
downstream target of the receptor tyrosine
kinase (40). In our study, downregulation of
ezrin was accompanied by JAK2/STAT6
activation in response to IL-13, and was
reversed after using a selective JAK2 inhibitor,
TG101348 (Fedratinib; SAR302503) (41).

Previous studies have reported that
IL-13 may repress ezrin binding to the
apical cytoskeleton, and thereby suppress
ciliary function via a STAT6-mediated
attenuation of foxj1 expression (42, 43).
Our data extend the mechanisms of
IL-13 suppression of ezrin expression
and function by indicating a direct
transcriptional effect mediated by the
JAK2/STAT6 pathway. Thus, IL-13 may
control ciliary function by these two
processes acting together to control both
ezrin expression and function.

IL-13 alters mucociliary differentiation
and ciliary beating of human airway
epithelial cells, and also increases the
proportion of secretary cells (7, 8). We have
extended the understanding of IL-13
function to show that IL-13–induced
epithelial damage was accompanied by
paracellular gap formation, decreased
cellular TJ and TER, as well as increased
permeability to fluxes of dextran in vitro

Figure 6. (Continued). analyzed by Image-Pro Plus 6.0. Scale bars, 50 mm. (B) Epithelial cell–cell adherence was determined by electron microscopy (scale bars,

1 mm; white arrow). (C) Immunohistochemical analysis of ezrin expression in saline-exposed control mice (control), OVA-treated mice (OVA), OVA1 anti-IgG

antibody–treated mice (anti-IgG), and OVA1 anti–IL-13 antibody–treated mice (anti–IL-13) (original magnification,3400; scale bar =100 mm; black arrow) and scored

(right graph). (D) The concentrations of ezrin in BAL fluid (BALF) of OVA-treated mice (OVA), OVA1 anti-IgG antibody–treated mice (anti-IgG), and OVA1 anti–IL-13

antibody–treated mice (anti–IL-13), and IL-13 of asthma mice and controls were measured using an ELISA. The data are presented as mean6 SEM and were

analyzed by Student’s t test (control group, n=8–15; asthma group; n=8–17). The correlation between ezrin and IL-13 in BALF of mice was analyzed by Pearson’s

correlation test. ns =not significant. *P,0.05, **P,0.01, and ***P,0.001 compared with respective controls.
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and in vivo. Ezrin knockdown had similar
effects on IL-13, which suggests that
ezrin may be an important player in
IL-13–induced epithelial injury.

Previous studies have demonstrated that
IL-13 can influence the release of exosomes
from bronchial epithelial cells, which are the
major source of exosomes in the lungs of
patients with asthma (44). In addition to
human mesothelioma cells (21), ezrin
expression on exosome-like vesicles from
ram epididymal fluid and boar seminal
plasma has been detected (45, 46), which
indicates that ezrin can be secreted through
exosomes. We show here that ezrin could be
secreted from bronchial epithelial cells via
exosomes, and that this was decreased under
the influence of IL-13. Furthermore, ezrin
levels, both in BALF of asthma mice and
serum samples of patients with asthma, were
negatively correlated with IL-13, which all
suggest that IL-13 may also have an
inhibitory effect on secretion of ezrin.

A study has recently shown that the
expression of ezrin might be different in
pulmonary diseases. The expression of ezrin

protein was unaltered in the BALF of
patients with COPD, but was elevated
threefold in patients with lung cancer
compared with control subjects (47).
However, in our study, serum ezrin was
decreased in patients with asthma, and
negatively associated with biomarkers of
Th2 airway inflammation periostin (48)
and IL-13 (49), which were both increased
in our patients with asthma. Ezrin gene
expression was negatively correlated with
the T2 signature (50) derived from
IL-13–stimulated epithelial cells. This
relationship indicated that ezrin may be a
marker of Th2 phenotype that manifests
clinical features of asthma. A limitation to
this study is that we did not formally
measure the Th2 status of all patients with
asthma studied. EBC and serum ezrin
both had a negative relationship with
lung function, and ezrin measurements
may be useful in patients in whom it is
not possible to obtain lung function
measures (50).

There are some limitations to this
study. Although anti–IL-13 prevented the

changes in ezrin expression in lung tissue
and function, this study was performed
prophylactically, and the effect of
therapeutic intervention is unknown. We
believe that ezrin should be considered as a
biomarker that can indicate both epithelial
injury and control levels in patients with
asthma. The potential of using ezrin levels to
monitor or dictate clinical practice need to
be further investigated with appropriately
designed prospective studies. Future studies
will investigate the mechanism by which
ezrin is secreted by exosomes and whether
autologous exosomes will enable ezrin to
treat epithelial damage. n
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