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TLR2 Regulates Allergic Airway Inflammation and Autophagy
Through PI3K/Akt Signaling Pathway

Xugqin Jiang," Lei Fang,' Huimei Wu,' Xiaodong Mei,> Fang He,' Peishan Ding,’

and Rongyu Liu'?

Abstract— Toll-like receptors (TLRs) are innate pattern recognition receptors that play a
critical role in allergic inflammation, yet their contribution to autophagy in asthma remains
poorly defined. Here, we investigate the role of Toll-like receptor 2 (TLR2) in
phosphoinositide 3-kinases/protein kinase B (PI3K/Akt) pathway-mediated autophagy in
ovalbumin-induced airway inflammation in mice. Wild-type (WT) and TLR2-knockout
(TLR2") C57BL/6 mice were ovalbumin-sensitized and ovalbumin-challenged. In
ovalbumin-challenged WT mice, enhanced expression of TLR2 in lung tissue, remarkable
inflammatory cell infiltrates, goblet cell hyperplasia, and increased mucus production were
observed. The number of inflammatory cells and interleukin-13 (IL-13) levels increased,
while interferon-gamma (IFN-y) levels decreased in bronchoalveolar lavage fluid. Expres-
sion of PI3K, phospho-Akt, Beclin-1 and LC3-II was enhanced significantly. These changes
were mitigated dose-dependently in 3-methyl adenine-treated mice. In contrast, similar but
weaker changes were found in ovalbumin-challenged TLR2™~ mice, and the changes were
not significantly attenuated by 3-methyl adenine treatment. These results indicate that TLR2
confers a pivotal role in allergic airway inflammation via regulating the PI3K/Akt signaling

pathway-related autophagy in mice.

KEY WORDS: Allergic airway inflammation; Autophagy; Phosphoinositide 3-kinases; Toll-like receptor 2.

INTRODUCTION

Asthma is an allergic inflammatory disorder of the
airway. The allergic inflammation, which involves multiple
inflammatory cells and mediators in the airways, persists
even during symptom-free phase in asthma patients [1].
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Both innate and adaptive immune abnormalities are con-
sidered to be implicated in asthma [2, 3].

Toll-like receptors (TLRs) are a group of primary
sensors, which play an important role in both innate and
adaptive immunity [4]. Increasing evidence has highlight-
ed a central role of TLRs in the stimulation of innate and
adaptive immunity and possibly in asthma [5, 6]. Toll-like
receptor 2 (TLR2), one of the TLRs families, has been
reported significantly over-expressed in asthma patients
[7]. TLR2 could activate the innate immune system [8].
Activation of TLR2 could induce a Th2 immune response
and promote experimental asthma [9]. TLR2 is also proven
associated with the airway remodeling in asthma [10].
Depletion of TLR2 would alleviate the inflammation in
experimental allergic mice [11]. Obviously, TLR2 might
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play an important role in the abnormal immune responses
in asthma.

Autophagy is a cell death and survival pathway that
differs from apoptosis [12]. In the past decade, emerging
evidence has demonstrated that autophagy is directly rele-
vant to many immunological and inflammatory diseases
including a number of respiratory diseases such as embo-
lism and pulmonary fibrosis [13]. Recently, autophagy was
also found to be involved in asthma [14]. Meanwhile, how
it is regulated in asthma remains largely unknown.

In this study, we investigated the role of TLR2 in the
pathogenesis of OVA-induced allergic airway inflamma-
tion, concentrating on its effects on phosphoinositide 3-
kinase/protein kinase B (PI3K/Akt) signaling pathway-
related autophagy in a murine model.

METHODS

Animals

Female C57BL/6 wild-type (WT) mice were pur-
chased from Shanghai Laboratory Animal Center (Shang-
hai, China). TLR2-knockout (TLR2 ") mice on a C57BL/
6 background were gifted by Dr. ZG. Tian (University of
Science and Technology of China, Hefei, China). All mice
were 6 to 7 weeks old in this study and housed in a standard
specific pathogen-free conditioned animal care facility. A
prior approval from the Animal Care and Use Committee
of University of Science and Technology of China was
obtained for this study.

Experiment Protocol and Treatment

Mice were randomly assigned to the controls and
experimental allergic inflammatory groups. The exper-
imental groups were further divided into the OVA-
treatment groups, OVA plus low dose of and high dose
of 3-methyl adenine (3-MA) treatment groups. The
mice in experimental groups were OVA-sensitized
and OVA-challenged using a method previously report-
ed [15], as illustrated in Fig. 1. An intraperitoneally
injection with 10 pg OVA (Chicken Egg OVA, Grade
V; Sigma) and 1 mg aluminum potassium sulfate in
0.5 ml saline were given on Day 0, and followed by
1% aerosolized OVA inhalation for 7 days from day 14
to 20; mice in OVA-3-MA treatment groups were
injected intraperitoneally with 15 or 30 mg/kg of 3-
MA 1.5 h before each OVA challenge. Twenty-four
hours after the last challenge, mice were anesthetized
with 3% pentobarbital sodium (50 mg/kg).

Bronchoalveolar lavage (BAL) was performed as pre-
viously reported [16]. The BAL fluid was collected for
cytological and cytokine examinations. Part of the right
lung was used for histological examination, and the
rest was frozen at —80 °C for western blotting analysis.
Mice in the controls were treated similarly with intra-
peritoneal injection with aluminum potassium sulfate
solution and followed by inhalation with saline instead
of OVA solution.

Histological Examination

Lung tissues were fixed in a 4% formaldehyde
solution for 24 h and paraffin-embedded. Serial sec-
tions at 5 um thickness were made and stained with
hematoxylin and eosin (H&E) for airway inflammation
observation or periodic acid-Schiff (PAS) for goblet
cell hyperplasia and mucus production. The patholog-
ical changes were determined in a blinded fashion. An
8-point semi-quantitative scoring system for
peribronchial inflammation in lung tissue was adopted
[17]. Pierre Camateros’ method was referred to quan-
tification of goblet cell hyperplasia [18]. Goblet cell
hyperplasia within the bronchial epithelium was deter-
mined by counting PAS-positive cell numbers and
standardized by dividing by the perimeter of the base-
ment membrane.

Examination of BAL Fluid

The BAL fluid was centrifuged at 1000 rpm in 4 °C,
and the cell pellet was re-suspended with phosphate buff-
ered solution. Total cell counts were determined using a
hemocytometer. Wright-staining was used for cell differ-
ential counting which was performed in a blinded manner.
The levels of interleukin-13 (IL-13) and interferon-gamma
(IFN-y) were separately measured using commercially
available ELISA kits (Cusabio, Wuhan, China) in accor-
dance with the manufacturer’s instruction manual.

Western Blot Analysis

Lung tissues were homogenized and total protein
concentrations were determined using a BCA Protein
Assay Kit (Pierce, Rockford, IL, USA). Proteins were
separated on 12% SDS-PAGE gels and transferred to
PVDF membranes (Millipore, Billerica, MA, USA).
The membranes were blocked in 5% non-fat milk for
1 h at room temperature and probed with antibodies
against TLR2 (Millipore, Billerica, MA, USA),
MyD88 (Abcam, Boston, MA, USA), PI3K (Sigma-
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Fig. 1. Study protocol, TLR2 expression, and inflammatory changes in the lung tissues after OVA challenge. a Study protocol. b, ¢ Expression of TLR2 was
increased in lung tissue of OVA-sensitized and OVA-challenged mice. d, e Histological score was lower in lung tissue of OVA-stimulated TLR2 ™~ mice than
WT type of mice, H&E-staining, magnification x200. f, g PAS+ cells were less in lung tissue of OVA-stimulated TLR2 ™~ mice, PAS-staining, magnification
x200. Representative lung tissue sections of at least three independent experiments are shown. *p < 0.05, **p < 0.01 versus WT control mice; #p < 0.05,
##p < 0.01 versus the TLR2™~ controls; $ p < 0.05 and $$ p < 0.01 indicates the differences between WT and TLR2™~ mice.

Aldrich, St. Louis, MO, USA), Akt and Ser-473 phos-
phorylated Akt (p-Akt) (Cell Signaling Technology,
Boston, MA, USA), Beclin-1 (Abcam, Boston, MA,
USA), and microtubule-associated protein light chain
3 (LC3) (Novus Biologicals, Littleton, CO, USA).
GAPDH (Kangchen Biotech, Beijing, China) was used
as the loading control. The intensity of protein bands
was digitized by using an Image J 1.38x software
(NIH, Bethesda, MD, USA).

Statistical Analysis

Data were presented as mean =+ standard error of mean
(SEM). Experiments were repeated at least three times.
Prism software (GraphPad Software5.0, Inc., San Diego,
CA) was used for statistical calculations. An independent
sample ¢ test or one-way ANOVA followed by a
Bonferroni post-test procedure were used. Statistical sig-
nificance was set at p < 0.05.

RESULTS

TLR2 Expression and Inflammatory Changes in Lung
Tissue

We first detected whether TLR2 expression changes
in mice received OVA sensitization and challenge. Western
blot results revealed that expression of TLR2 in the lung
tissue lysates in OVA-stimulated mice was significantly
increased (Fig. 1b, c¢). Second, we compared the histolog-
ical changes in lung tissues of WT and TLR2™~ mice after
OVA challenge, found significant differences between
these two types of mice. In the lung tissues of OVA-
challenged WT mice, significant inflammatory cell infil-
trates (Fig. 1d, e), mucus plugs in the cavity of bronchioles
(Fig. 11), and increased PAS-positive cells (Fig. 1g) were
detected. Contrarily, in OVA-challenged TLR2 ™~ mice,
these inflammatory changes were relatively weaker
(Fig. 1).
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Cytological and Cytokine Changes in BAL Fluid

A marked increase of total cell numbers was found in
OVA-sensitized and OVA-challenged WT mice. Inflam-
matory cells including eosinophils, neutrophils, and mono-
cytes in the BAL fluid were substantially increased. By
contrast, in OVA-challenged TLR2 ™~ mice, the total
number of inflammatory cells was also significantly
increased compared with that of control TLR2™~ mice,
but not as high as that in OVA-stimulated WT mice. A
statistically significant difference existed between the WT
and TLR2 ™" mice. Similar differences were found in the
changes of cytokines between the two groups. From OVA-
challenged WT mice, IL-13 levels in BAL fluids increased
and IFN-y levels decreased significantly relative to the
controls. While In OVA-challenged TLR2 ™™ mice,
similar but weaker changes were presented (Fig. 2).

Expression of PI3K/P-Akt Signaling Pathway Proteins
in Lung Tissue Lysates

Western blot analysis showed that expression of
MyD88 was similarly elevated in both WT and TLR2
mice after OVA sensitization and challenge. The
expression of PI3K, P-Akt, Beclin-1, and LC3-II was
increased significantly in OVA-challenged WT mice. By
contrast, in OVA-stimulated TLR2™~ mice, the expression
of proteins increased remarkably compared with that of the
control TLR2™™ mice, but not as strong as that in the WT
ones. The differences induced by OVA challenge between
WT and TLR2™™ mice were statistically significant

(Fig. 3).
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Inflammatory Changes in the Lung Tissues of Mice
Received 3-MA Treatment

Inflammatory changes in lung tissues were signifi-
cantly attenuated in 3-MA-treated OVA-stimulated WT
mice. H&E-stained lung tissue slices presented a statisti-
cally significant alleviation of inflammation in WT mice
processed with high doses of 3-MA. The mucus hyperse-
cretion and PAS-positive cell numbers were considerably
reduced by low doses of 3-MA treatment. The reduction
was more remarkable in mice received higher doses of 3-
MA. Contrarily, no statistically significant attenuation of
inflammation and goblet cell hyperplasia in 3-MA-treated
TLR2 " mice were observed (Fig. 4).

Cytological and Cytokine Changes in BAL Fluid in
3-MA-Treated Mice

The total number of inflammatory cells in BAL fluid
increased substantially in the experimental allergic WT
mice compared with that of the controls. The total number
of cells especially the eosinophils was decreased in mice
treated with low doses of 3-MA. High doses of 3-MA
treatment conferred a further reduction of the neutrophils
and monocytes. Compared with these changes, the reduc-
tion of inflammatory cells was not statistically significant
in 3-MA-treated TLR2™™ mice. Besides, the cytokines in
the BAL fluid changed concomitantly. In 3-MA-treated
experimental allergic WT mice, the increased level of 1L-
13 was decreased, and INF-y level elevated relative to the
controls. The changes were not significant in mice accept-
ed low doses of 3-MA treatment but statistically significant
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Fig. 2. Cell number and cytokine changes in BAL fluid. Data are presented as mean = SEM (n = 7 each group). *p < 0.05, **p < 0.01 versus the control WT
mice; #p < 0.05, ##p < 0.01 versus the TLR2™~ controls; $p < 0.05 and $$p < 0.01 indicates the differences between OVA-sensitized and OVA-challenged
WT and TLR2 ™ mice.
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Fig. 3. Protein expression in lung tissue lysates. The differences of protein expression in lung tissue lysates between wild and TLR2™~ mice after OVA
sensitization and challenge are shown. *p < 0.05, **p < 0.01 versus the WT controls; #p < 0.05, ##p < 0.01 versus the TLR2™~ controls; $p < 0.05 and
$$p < 0.01 indicates the differences between OVA-sensitized and OVA-challenged WT and TLR2”~ mice.

in mice received high doses of 3-MA administration. Com-
paratively, the changes were not statistically significant in
TLR2"" mice administered with neither low nor high
doses of 3-MA (Fig. 5).

Protein Expression in Lung Tissue Lysates
in 3-MA-Treated Mice

Western blotting and semi-quantitative analysis
showed that the expression of PI3K, p-Akt, Beclin-1, and
LC3-II was significantly enhanced in the lung tissue of
OVA-sensitized and OVA-challenged WT mice. The in-
creased expression was downregulated in mice that re-
ceived low doses of 3-MA treatment; higher doses of 3-
MA administration resulted in a more remarkable

downregulation. These results demonstrated a dose-
dependent inhibitory effect of 3-MA on the expression of
PI3K/Akt pathway proteins (Fig. 6). Contrarily, in OVA-
challenged TLR2™™ mice, expression of PI3K, p-Akt,
Beclin-1, and LC3-II was not significant changed under
neither low nor high doses of 3-MA treatment, which was
significantly different from the that in WT ones (p < 0.05,
Fig. 7).

DISCUSSION
TLR2 is one of the TLRs which can recognize a

variety of ligands from pathogens [19] to endogenous
alarmins [20] in initiating immunological responses. It
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3-MA-L

was reported that TLR2 was involved in airway allergic
diseases [21, 22], as markedly upregulated in the airway
tissues following allergen challenge [23]. Researches indi-
cated that TLR2 was associated with the prevalence of
post-bronchiolitis asthma [24] and the susceptibility to
asthma in children [25]. However, the role of TLR2 in
the pathogenesis of asthma has been debated. Some studies
demonstrated that activation of TLR2 could reduce the
allergic airway inflammation [26] and protect against aller-
gic asthma upon subsequent allergen provocation [16].
Meanwhile, others concluded that TLR2 contributed to
the acute inflammation in asthma [27], acted as a major

B 6-
2
(o]
341
2
3
52]
R
T
0
D

—
Q

PAS" cells/Pbm (cells/mm)
o

o

WT TLR2”

Fig. 4. Inflammatory changes in mice treated with 3-MA. a, b showed the histological score changes in low or high doses of 3-MA-treated wild or TLR2 ™/~
mice, HE-stain, magnification x200; ¢, d changes of number of PAS+ cells in low or high doses of 3-MA-treated mice, PAS-stain, magnification: 200%;
*#p < 0.01 versus the OVA-challenged mice.

contributor to the inflammatory in asthma [11]. In our
study, a remarkable upregulated TLR2 expression in the
lung tissues of OVA-stimulated WT mice were observed
(Fig. 1b, c), accompanied with marked inflammatory
changes in lung tissue and significant increase of inflam-
matory cells in BAL fluid (Fig. 2). By comparison, in
TLR2__/_ mice, the inflammatory responses, inflammatory
cell infiltrates, and cytokine changes were weaker under
OVA challenge.

It is well-known that the development of helper T cell
immunity is shaped by activation of pattern recognition
receptors, and a Th1/Th2 imbalance is existed in asthma
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Fig. 5. Cell numbers and cytokines in BAL fluid in 3-MA-treated mice. 3-MA treatment resulted significant changes in cell numbers in BAL fluid in wild

type mice. *p < 0.05, **p < 0.01 versus the controls.
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type of mice. *p < 0.05, **p < 0.01 versus the OVA-challenged wild type mice.
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[11, 28, 29]. TLR2 mediates the innate immune response of
alveolar macrophage to allergen [30]. In mice model of
OVA-induced asthma, TLR2 is a major contributor to the
maintenance of adaptive Th2-cytokine-driven inflammation
[11]. In our study, a more remarkable increase of the levels
of IL-13, a Th2 cytokine, and decrease of IFN-y were found
in OVA-stimulated WT mice, compared with the weaker
cytokine changes in TLR2™" mice, supported the Th1/Th2
imbalance hypothesis, and implied the necessity of TLR2
for proper immune inflammatory response in allergen-
induced inflammation. These cytokine abnormalities, to-
gether with the inflammatory changes, supported the con-
clusions of the others that TLR2 plays a pivotal role in
allergic inflammation [31] and contributes to asthma [11].
Autophagy is an evolutionarily conserved physical
process with significant impact on immunity response

specifically Th2 immune response in allergic inflammation
[32]. Although it has been extensively studied in many
other diseases, autophagy was yet merely suggested being
implicated in asthma by a few recent studies [14, 32]. PI3K
is a key kinase in the autophagy signaling pathways which
can trigger the serine phosphorylation of Akt and promote
its downstream substrates Beclin-1 and LC-3 to form the
autophagosome [33]. In our study, a marked upregulation
of expression of PI3K, accompanied with increased ex-
pression of p-Akt, Beclin-1, and LC3-II in OVA-
challenged WT mice was observed. By contrast, in
TLR2 ™" mice, expression of these proteins was elevated
but significantly weaker than that in the WT ones. These
results suggested the TLR2 might be necessary for the
proper function of PI3K/Akt pathway-mediated
autophagy.
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Researches demonstrated that PI3Ks can regulate the
activation of multiple intracellular signaling cascades and
function of many inflammatory mediators [34, 35]. In
asthma, PI3Ks regulate many of the inflammatory cyto-
kines [36] and the recruitment and activation of neutro-
phils, eosinophils, and macrophage [37]. In our study, in
OVA-challenged WT mice, concomitant with the enhanced
expression of PI3K-pathway proteins, an enhanced inflam-
matory cell infiltration in lung tissue and IL-13/IFN-y
cytokine imbalance, were observed. Contrarily, in TLR2™”
"~ mice, weaker airway inflammation, cytokine imbalance,
and protein expression were found. These results implied
that the PI3K/Akt pathway was involved in the allergic
inflammation, and this autophagous pathway might be
TLR2 dependent. In fact, a TLR2/PI3k signaling pathway
has been suggested by several recent studies. Li et al.
reported that inhibition of TLR2 almost blocked the
PI3K/Akt signaling pathway in protein synthesis [38]. In
mouse macrophages, the activation of PI3K/Akt pathway
was TLR2-dependent [39]. Activation of TLR2/PI3K/Akt
signaling pathway was even found crucial important in
mycobacteria [40]. Our results were consistent with the
conclusions of these studies.

To further explore whether TLR2 was crucial to
PI3K/Akt signaling pathway-mediated autophagy, we
treated the mice with low or high doses of 3-MA, a com-
monly used reagent which could inhibit PI3K, block the
autophagosome formation, and consequently inhibit the
autophagy [41]. The expression of PI3K, p-Akt, Beclin-1,
and LC3-II was downregulated in OVA-challenged WT
mice (Fig. 6), accompanied with an alleviation of inflam-
matory cell infiltrates and IL-13/IFN-y imbalance (Figs. 5,
6), which agreed with the results of other studies [42, 43].
In comparison, in TLR2™ mice, neither low nor high
doses of 3-MA treatment resulted in significant changes
as observed in WT ones. Apparently, 3-MA treatment did
not exert remarkable inhibitory effects when TLR2 was
absent. These results manifested that TLR2 was needed for
the proper functioning of PI3K/Akt signaling pathway in
autophagy in OVA-induced allergic inflammatory mice.

It is noted that airway inflammation and PI3k/Akt
pathway-mediated autophagy were weaker but not absent
in TLR2" mice. Besides, the expression of adaptor
protein MyD88 enhanced similarly in both WT and
TLR2™" mice after OVA challenge. These might be due
to the complexity of signal pathways involved. In fact,
except for TLR2, other TLRs such as TLR4, 7, and 9 are
also involved in asthma [44]. For example, both TLR4 [45,
46] and TLR7 [47] contribute to asthma MyDS88
dependently. These TLRs can co-regulate many of the

physiological processes including the inflammatory pro-
cess and autophagy [6, 48]. Obviously, further studies on
the role of TLRs in the autophagy in asthma are needed.
Taken together, our study revealed that TLR2 played
a pivotal role in OVA-induced inflammation in mice, partly
by regulating the PI3K/Akt signaling pathway-related au-
tophagy. Blockage of TLR2/PI3K/Akt signaling pathway
could attenuate the inflammation, which suggested a po-
tentially therapeutic target for the treatment of asthma.
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