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ABSTRACT

Background and objective: Existing in vitro and in vivo
studies suggest that both IL-25 and phosphoinositide 3-
kinases (PI3Ks) exhibit broad effects on the functions of
immune cells implicated in the pathogenesis of asthma.
Whether the blockade of PI3K signalling directly inhi-
bits the asthma relevant pathogenetic changes induced
by IL-25 in an in vivo condition is still unclear. Using an
established IL-25-induced murine model of asthma, we
undertook a comprehensive evaluation of the effects of
co-administered LY294002, a pharmacological pan-
inhibitor of PI3K on IL-25-induced changes on this
model, with particular regard to airway remodelling.
Methods: BALB/c mice were serially intranasally chal-
lenged with IL-25 according to an established protocol
to induce airway inflammation, hyperresponsiveness
(AHR) and remodelling. In an additional subgroup
LY294002 was administered intranasally. Lung function
and airway cytokine and chemokine concentrations and
cellular infiltration and remodelling changes assessed
by histology and immunohistochemistry were measured
at specific time points.
Results: Intranasal administration of LY294002 signifi-
cantly inhibited IL-25-induced AHR and recruitment of
inflammatory cells into bronchoalveolar lavage fluid.
LY294002 also attenuated IL-25-induced increased con-
centrations of cytokines and chemokines in lung tissue.
Histological and immunohistochemical analysis showed
that LY294002 also significantly inhibited IL-25-induced
lung tissue eosinophilia, mucus production, collagen dep-
osition, smooth muscle hypertrophy and angiogenesis.
Conclusion: The PI3K pan-inhibitor LY294002 attenu-
ated not only IL-25-induced asthma-like AHR and air-
way inflammation but also remodelling in this model,
suggesting that PI3K is a major downstream messenger
for IL-25 and that targeting this pathway might reduce

asthma symptoms in the short term and airway remod-
elling in the longer term.
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INTRODUCTION

Asthma is one of the most prevalent threats to public
health owing to its chronicity and potentially life-
threatening exacerbations. Asthma is estimated to affect
300 million people worldwide, a prevalence which
increases annually.1 Chronic airway inflammation,
remodelling and hyperresponsiveness (AHR) with airflow
obstruction are the major characteristics of asthma, while
airway remodelling might contribute to treatment refrac-
toriness. The pathogenesis of asthma is not yet entirely

Correspondence: Sun Ying, Department of Immunology,

School of Basic Medical Sciences, Capital Medical University,

#10 Xitoutiao, Youanmenwai, Fengtai District, Beijing 100069,

China. Email: ying.sun@ccmu.edu.cn

Received 11 November 2015; invited to revise 11 January and

25 March 2016; revised 3 March and 5 April 2016; accepted

20 May 2016 (Associate Editor: Darryl Knight).

SUMMARY AT A GLANCE

The phosphoinositide 3-kinase (PI3K) pan-inhibitor
LY294002 effectively attenuated IL-25-induced air-
way inflammation, hyperresponsiveness and remod-
elling in a murine asthma model in an in vivo
condition.
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clear. Current therapy for asthma is primarily focused on
control of symptoms, including inhaled and systemic
corticosteroids, inhaled beta-agonists and oral leukotri-
ene (LT) receptor antagonists.2 Unfortunately, in approxi-
mately 10% of patients, symptoms cannot be controlled
by maximal, optimally delivered therapy, resulting in
increased morbidity and costs,3 thereby driving research-
ers to identify potential new therapeutic targets.
IL-25 has been implicated in asthma pathogenesis at

least partly because it promotes T-helper 2 (Th2)-type
immune responses. In laboratory mice, intranasal admin-
istration of IL-25 alone has been shown to induce human
asthma-like features in the airways, including Th2 cyto-
kine production, epithelial cell hyperplasia, eosinophil
infiltration, increased mucus secretion and AHR.4 We
have further previously demonstrated that chronic intra-
nasal challenge with IL-25 alone in this murine model is
also sufficient to cause airway remodelling.5

Phosphoinositide 3-kinases (PI3Ks) are a family of
intracellular signalling proteins involved in a number
of cellular processes, such as survival, proliferation, dif-
ferentiation and migration, and also involved in the
pathogenesis of various diseases, including cancer,
inflammation and allergy.6 It has been shown that
administration of LY294002, a pharmacological pan-
inhibitor of PI3K, considerably reduced bronchial
inflammation and AHR in a murine asthma model
induced by sensitization and challenge with ovalbumin
(OVA).7,8 We further demonstrated that LY294002 sig-
nificantly inhibited IL-25-induced expression of vascu-
lar endothelial growth factor (VEGF) and basic
fibroblast growth factor (bFGF) by endothelial cells,
mediators which may be involved in airway remodel-
ling in asthma, in an in vitro condition.9,10

The purpose of this study was to extend our in vitro
findings to examine comprehensively the effects of
LY294002 in our IL-25-induced murine model of
asthma in an in vivo condition, with particular regard
to its possible effects on airway remodelling. We
hypothesized that the PI3K pan-inhibitor LY294002 not
only attenuates IL-25-induced airway inflammation,
but also inhibits IL-25-induced airway remodelling in
an in vivo condition.

METHODS

Experimental animals
Female BALB/c mice (8–10 weeks of age) were
obtained from Vital River Laboratories (Beijing, China),
housed under constant temperature and light cycles
and maintained in a pathogen-free mouse facility
located in the Department of Laboratory Animal
Sciences, Capital Medical University, Beijing, China. All
animal experiments were strictly conducted under pro-
tocols approved by the Institutional Animal Care and
Use Committee at Capital Medical University.

Administration of IL-25, LY294002 and

vehicle control
The IL-25-induced murine intranasal challenge model
of asthma was established as described previously.5 To

investigate the inhibitory effect of the PI3K pan-
inhibitor LY294002 on IL-25-induced changes in the
model, mice were randomly assigned to three groups,
including an IL-25 (mIL25, 2 μg/50 μL in saline; R&D
Systems, Minneapolis, MN, USA) challenged group
(positive control), an IL-25 + LY294002 (80 μg/50 μL in
0.1% dimethyl sulfoxide (DMSO) in saline; Merck Che-
micals Ltd, Nottingham, UK) challenged group and a
0.1% DMSO in saline-challenged group (vehicle con-
trol). Mice were first treated with LY294002 or saline
containing 0.1% DMSO (50 μL in each case) and then
challenged 2 h later with IL-25 or an equivalent volume
of saline. All mice received intranasal administration of
the appropriate agents once daily from day 1 to day
6, and then once every other day until day 36, followed
by observation for a further 17 days after the cessation
of administration. The schedule of administration is
summarized in Figure S1 (Supplementary Information).

Measurement of AHR
AHR was measured on days 3, 7, 19, 31, 37 and
53, 24 h after the most recent challenge in subsets of
mice in each group by detecting lung resistance to
methacholine (Sigma-Aldrich, Beijing,, China) using
the FlexiVent system (Scireq Inc., Montreal, QC,
Canada) as described previously.11,12 Day 0 served as
the baseline measurement.

BALF collection and analysis
Following the measurement of AHR, bronchoalveolar
lavage fluid (BALF) was collected as described previ-
ously and the total cells were counted.5 Cytospins were
prepared from the cell pellets and differential cell
counts performed following Congo red and/or haema-
toxylin staining.

Histological staining
Sections (5-μm thickness) were cut from fixed
embedded lung tissues and stained with haematoxylin
and eosin (H&E) (Sigma-Aldrich), periodic acid-Schiff
(PAS) (Beijing Yi Li Fine Chemistry Co Ltd, Beijing,
China) and Masson’s trichrome (MT) blue (Nanjing
Mindit Biochemistry Co Ltd, Nanjing, China) to exam-
ine inflammatory cellular infiltration, mucus produc-
tions and collagen deposition, respectively.5,13 Congo
red (Beijing Solarbio Technology Co Ltd, Beijing, China)
staining was used to detect eosinophil infiltration into
the lung tissue.5 PAS-stained sections were photo-
graphed at ×20 magnification and then graded against
standards as described in a previous report.13 Congo
red-stained sections were photographed at ×40 magnifi-
cation and Congo red-stained eosinophils quantified
objectively using IMAGE-PRO PLUS (Media Cybernet-
ics, Inc. , Rockville, MD, USA) software as described,
with results expressed as percentages of the total
nucleated cells staining positively with Congo red.5

Immunohistochemistry
Immunohistochemistry of alpha-smooth muscle actin
(α-SMA, 1:200) and CD31 (endothelial cells) (1:50) was
employed as markers of smooth muscle hypertrophy
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and angiogenesis, respectively. The primary monoclo-
nal antibodies against mouse α-SMA and CD31 were
purchased from Abcam (Hong Kong, China). The thick-
ness of peribronchial α-SMA staining14 and the total
numbers of CD31+ vascular endothelial cells per unit
area of lung sections were measured objectively on a
Leica DM6000B microscope (Leica, Wetzlar, Germany)
connected with a Leica Application Suite, version 3.6
programmed with IMAGE-PRO PLUS software.

Measurements of concentrations of lung

total collagen, cytokines, chemokines and

growth factors
Right lung tissue (100 mg) was homogenized as previ-
ously described.5 Supernatants of homogenized lung
tissue were collected and stored at −80�C until used.
The amount of total lung collagen was measured using
the Sircol collagen assay kit (Biocolor, Belfast, UK).5

Concentrations of IL-5, IL-13, eotaxin, VEGF and
transforming growth factor-β (TGF-β) in lung tissue
were quantified using commercial ELISA kits
(eBioscience, San Diego, CA, USA) according to the
manufacturer’s instructions. The concentrations of IL-
1β, IL-6, TNF-α and the murine IL-8 homologue (CXC
chemokine ligand-1 (CXCL-1)KC) in lung tissue homo-
genates were measured using a commercial BD cyto-
metric bead array (CBA) platform (BD Biosciences
Pharmingen, San Diego, CA, USA) according to the
manufacturer’s instructions.5

Statistical analysis
The results were analysed using the statistical software
package GRAPHPAD PRISM 5.01 (GraphPad, San
Diego, CA, USA). Data in the different groups were
analysed and compared by two-way analysis of vari-
ance (ANOVA) to determine whether there were signif-
icant differences between the treatment groups,
followed by Bonferroni post-tests for multiple compari-
son of the means. All data were expressed as the mean
� SEM. P-values <0.05 were considered statistically
significant.

RESULTS

LY294002 effects on IL-25-induced AHR and

airway inflammation
Intranasal challenge with IL-25, as compared with
DMSO diluent control, significantly increased AHR to
methacholine, while concurrent treatment with
LY294002 abrogated this increase from day 3 (although
the differences were not statistically significant until
day 7) up to day 37 (Fig. 1). Concurrently, LY294002
significantly attenuated the mean total numbers of
cells, eosinophils, lymphocytes and neutrophils in the
BALF of the IL-25-challenged animals, particularly at
days 19 and 31 when the peak of cellular infiltration
was observed (Fig. 2), as well as infiltration of inflam-
matory cells into lung tissue (Fig. S2, Supplementary
Information).

LY294002 effects on IL-25-induced lung tissue

eosinophilia
Analysis of Congo red-stained lung sections showed
that concurrent treatment with LY294002 also signifi-
cantly attenuated IL-25-induced eosinophil infiltration
into the lung peribronchial and perivascular regions,
evident from day 7 when significant infiltration was
first observed, until the end of the study (day 53)
(Fig. 3, illustration of results is limited to day 7, 19 and
37 outcomes).

LY294002 effects on airway goblet cell

hyperplasia and mucus production
Analysis of PAS-stained lung sections showed that con-
current treatment with LY294002 markedly inhibited
IL-25-induced airway goblet cell and mucous hyperpla-
sia, evident from day 7, when significant hyperplasia
was first observed until the end of the study (day 53)
(Figs S3A (Supplementary Information),4A).

LY294002 effects on IL-25-induced

extracellular lung matrix protein deposition
Analysis of MT blue-stained lung sections showed
abundant collagen deposition around the airways and
lung vasculature in the IL-25-challenged mice from day
31 as compared with the DMSO-challenged mice, while
concurrent treatment with LY294002 subjectively
reduced this (Fig. S3B, Supplementary Information).
This was accompanied by significant, objective reduc-
tion of the mean total lung collagen concentration in
the IL-25-challenged, LY294002-treated animals from
day 31, when elevated collagen deposition was first
apparent, until the end of the study (day 53) (Fig. 4B).

LY294002 effects on IL-25-induced airway

smooth muscle hypertrophy
Immunostaining of lung sections for α-SMA (Fig. S3C,
Supplementary Information) showed that intranasal
inhalational challenge of mice with IL-25 induced air-
way smooth muscle hypertrophy evident from day
19 until cessation of challenge, but resolving later, as
compared with control DMSO challenge. Concurrent
treatment with LY294002 completely inhibited IL-25-
induced smooth muscle hypertrophy over this entire
time period (Fig. 4C).

LY294002 effects on IL-25-induced

submucosal vascularity
Immunostaining of lung sections for CD31 (Fig. S3D,
Supplementary Information) showed that challenge
with IL-25 induced a significant elevation of the mean
number of CD31-positive blood vessels in the lung tis-
sues which was apparent from day 19 and persisted
until the end of the study (day 53), as compared with
DMSO challenge. Again, concurrent treatment with
LY294002 completely abrogated this increase in vascu-
larity over the entire duration of the study (Fig. 4D).
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LY294002 effects on expression of cytokines,

chemokines and growth factors
ELISA and CBA were employed to measure concentra-
tions of the Th2 cytokines IL-5 and IL-13, the
pro-inflammatory cytokines IL-1β, IL-6 and TNF-α, the

chemokines eotaxin and KC (CXCL-1, a homologue of
human IL-8) and the growth factors VEGF and TGF-β
in supernatants of lung tissue homogenates from mice
of the respective groups. The results showed that
challenge with IL-25 significantly increased the mean

Figure 1 Airway resistance of vehicle-treated (DMSO/saline, ), IL-25/DMSO-treated ( )and IL-25/LY294002-treated ( ) mice at

individual time points (n = 5 in each group at each time point). *P < 0.05 between vehicle-challenged and IL-25/DMSO-challenged

mice, **P < 0.05 between IL-25/DMSO-challenged and IL-25 + LY294002-challenged groups.

Figure 2 Total cells, eosinophils,

neutrophils and lymphocytes in

bronchoalveolar lavage fluid (BALF). Data

are expressed as mean � SEM (n = 5 in

each group at each time point). *P < 0.05

versus vehicle-challenged or IL-25/DMSO-

challenged groups. , vehicle (DMSO/

saline); , IL-25/DMSO; , IL-25/LY294002.

Figure 3 (A) Representative photomicrographs of Congo red+ eosinophils in lung sections. (B) Quantitative analysis using IMAGE-

PRO PLUS software. Data were collected from three independent experiments (stained three times, i.e. three sections from each

murine lung at each time point) and are expressed as mean � SEM (n = 5 mice in each group at each time point). *P < 0.05. , vehicle

(DMSO/saline); , IL-25/DMSO; , IL-25/LY294002.
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concentrations of all of these mediators in the homoge-
nates, albeit with distinct time courses, as compared
with diluent control DMSO challenge (Fig. 5). Again,
concurrent treatment with LY294002 attenuated these
increases to a degree such that their mean concentra-
tions were no longer significantly different to those
measured in DMSO diluent control challenge animals.

DISCUSSION

In a recent previous study,5 we showed that chronic
exposure of the airways of mice to IL-25 by nasal chal-
lenge recapitulates many of the pathophysiological fea-
tures of human asthma, including AHR, inflammation
and various indices of airway remodelling such as

Figure 4 (A) Mucus score based on periodic acid-Schiff (PAS) staining. (B) Total lung collagen (μg/100 mg of total protein).

(C) Quantitative analysis of thickness of alpha-smooth muscle actin-positive muscle was performed as described previously.5,14

(D) CD31+ blood vessels per unit area. Data were collected from three independent experiments (stained three times, i.e. three

sections from each murine lung at each time point) and are expressed as mean � SEM (n = 5 mice in each group at each time point).

*P < 0.05. , vehicle (DMSO/saline); , IL-25/DMSO; , IL-25/LY294002.

Figure 5 Concentrations of cytokines, chemokines and growth factors in lung homogenates from vehicle-challenged, IL-25/DMSO-

challenged and IL-25/LY2940042-challenged mice at the time points shown. Data were collected from three independent experiments

(ELISA repeated three times using samples from each murine lung at each time point) and are expressed as mean + SEM (n = 5 mice

in each group at each time point). *P < 0.05. , vehicle (DMSO/saline); , IL-25/DMSO; , IL-25/LY294002.
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smooth muscle hypertrophy and neovascularization.
Here, we extend these studies to show that concurrent
treatment with the PI3K pan-inhibitor LY294002 is able
to abolish or attenuate all of these IL-25-induced phe-
nomena. Other previous studies have demonstrated
that blockade of IL-25 can inhibit airway inflammation
and Th2 cytokine production in animal models of
asthma,14–16 and that such changes were also attenu-
ated in p110δ- and PI3K-γ-deficient animals17–20 in the
presence of PI3K inhibitors.7,8,21,22 This likely reflects
the wide involvement of PI3Ks in the intracellular sig-
nalling essential for numerous aspects of cellular func-
tion, including immune cells implicated in asthma.23–29

Our study further demonstrates that PI3K is a central
second messenger for all of the wide-ranging actions of
IL-25 in the asthmatic airways and, critically, that PI3K
inhibition may inhibit not only airway inflammation
and AHR but also remodelling.26

Eosinophil-active Th2 cytokines and chemokines, in
particular IL-5, IL-13 and eotaxin, are implicated in the
pathogenesis of the eosinophil-rich airway inflamma-
tion which typically characterizes asthma.30 Treatment
of IL-25-challenged mice with LY294002 clearly attenu-
ated production of these mediators in the present
study, in line with a previous study7 showing that the
same inhibitor was able to reduce the concentrations
of these mediators in the BALF of OVA-sensitized and
challenged mice. In both studies, this was associated
with reduced lung tissue and airway eosinophilia,
which might reflect reduced production of eosinophil-
active mediators and/or the fact that eosinophil migra-
tion is also partly PI3K-dependent.23

Reduction of IL-25-induced expression of Th2 cyto-
kines and infiltration of eosinophils by LY294002 may
also at least partly account for the reduced goblet cell
hyperplasia and hypertrophy observed in the treated
animals in this study, as Th2 cytokines and eosinophils
have been implicated as contributing factors to these
phenomena.31–34 LY294002 treatment also reduced IL-
25-induced deposition of collagen around the airways
and the concentration of lung total collagens. These
data are in line with a previous study showing reduced
peribronchial fibrosis in PI3Kγ-deficient mice, possibly
as a result of reduced numbers of peribronchial TGF-
β1-expressing cells and attenuated Smad 2/3
signalling.26

LY294002 is a relatively non-specific inhibitor of
PI3K, but given the plethora of possible alternative sig-
nalling pathways it remains a relatively specific indica-
tor of the involvement of PI3K as distinct from other
signalling pathways. Its use is a logical extension of our
previous published studies9,10 suggesting that PI3K sig-
nalling predominantly drives proliferation of and auto-
crine VEGF production by vascular endothelial cells, a
process contributing to a key element of airway remod-
elling (neovascularization) in asthma. Clearly, however,
some role for other signalling pathways cannot be
ruled out and is indeed likely. Other protein kinases
such as CK2, mTOR and GSK3β are also ‘off-target’
protein kinases potentially targeted by LY294002,35,36

but all three of these kinases are actually located down-
stream of PI3K or PI3K/Akt signalling pathways, and
our previous studies on IL-25-induced angiogenesis
suggest relatively little Akt involvement.10 Another

limitation of this study is that we confined ourselves to
addressing the effects of LY294002 prior to administer-
ing IL-25; it might also be informative to further
explore whether LY294002 may limit or even reverse
the established, asthma-related features in this IL-25-
induced model of asthma.
TGF-β has been shown to be involved in the migra-

tion and proliferation of airway smooth muscle cells,
which is in turn thought to contribute to airway smooth
muscle hyperplasia.37,38 In this study, the mean concen-
tration of TGF-β in lung tissues was significantly
reduced by LY294002 treatment of the IL-25-challenged
mice, consistent with the hypothesis that TGF-β is
partly responsible for this hyperplasia. TGF-β is pro-
duced principally by eosinophils and lymphocytes,33

and so, the reduced production of this mediator
observed in this study might, at least partly, reflect the
reduction of eosinophil and lymphocyte infiltration into
the airways by LY294002.
Our previously reported in vitro experiments have

shown that IL-25 enhances proliferation of blood vas-
cular endothelial cells and angiogenesis at least partly
by upregulating the expression of bFGF, VEGF and
their receptors by endothelial cells, while LY294002 sig-
nificantly inhibits IL-25-induced expression of VEGF
and angiogenesis.9,10 Our present data showing that
LY294002 significantly inhibited IL-25-induced angio-
genesis in an in vivo condition are consistent with this
and suggest that the effect may at least partly reflect
the reduction of local lung VEGF production.
In summary, the PI3K inhibitor LY294002 effectively

attenuates IL25-induced AHR, inflammation and
remodelling in this murine model of chronic asthma.
These data clearly implicate PI3Ks in the pathogenesis
of asthma and delineate PI3K signalling as a possible
therapeutic target at least for the downstream effects of
IL-25 in asthma, where suitable interruption of this sig-
nalling might not only ameliorate ongoing airway
inflammation and AHR but also alter the natural his-
tory of chronic airway remodelling.
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Figure S2 Haematoxylin and eosin (H&E)-stained lung sections

showing that LY294002 significantly reduced IL-25-induced infil-

tration of inflammatory cells into the peribronchial and perivas-

cular regions of the lung tissues as compared with DMSO-

treated vehicle control groups.

Figure S3 Representative photomicrographs of (A) periodic acid-

Schiff (PAS)-stained lung sections from vehicle control-challenged,

IL-25/DMSO-challenged and IL-25/LY294002-challenged mice, (B)

Masson’s trichrome blue-stained lung sections from vehicle

control-challenged, IL-25/DMSO-challenged and IL-25/LY294002-

challenged mice, (C) alpha-smooth muscle actin (α-SMA) immunor-

eactivity in lung sections from vehicle control-challenged, IL-25/

DMSO-challenged and IL-25/LY294002-challenged mice, and (D)

CD31 immunoreactive blood vessels in lung sections from vehicle

control-challenged, IL-25/DMSO-challenged and IL-25/LY294002-

challenged mice at various time points.
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Figure S1-Schedule of murine challenge.



Figure S2-H&E-stained lung sections showing that LY294002 significantly reduced IL-25-

induced infiltration of inflammatory cells into the peribronchial and perivascular regions of

the lung tissues as compared with DMSO-treated vehicle control groups.



Figure S3 –

(A) Representative photomicrographs of periodic acid-Schiff (PAS) stained lung sections
from vehicle control-, IL-25/DMSO- and IL-25/ LY294002 -challenged mice at various time-
points as indicated (original magnification x 20).



(B) Representative photographs of Masson’s trichrome-blue-stained lung sections from
vehicle control-, IL-25/DMSO- and IL-25/LY294002-challenged mice at various time-points
as indicated (original magnification x 20).



(C) Representative photographs of α-SMA immunoreactivity in lung sections from vehicle-,
IL-25/DMSO- and IL-25/LY294002-challenged mice at various time-points as indicated
(original magnification x 20).



(D) Representative photographs of CD31 immunoreactive blood vessels in lung sections from
vehicle-, IL-25/DMSO- and IL-25/LY294002-challenged mice at various time-points as
indicated (original magnification x 20).
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