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TLR4 antagonist suppresses airway remodeling in
asthma by inhibiting the T-helper 2 response
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Abstract. Airway remodeling is a hallmark of bronchial
asthma. Our group has previously reported that the thymic
stromal lymphopoietin (TSLP), an airway epithelial-derived
cytokine, has a central role in the pathogenesis of airway
remodeling, and that toll-like receptor (TLR) 4 signaling
in epithelial cells may trigger T-helper 2 (Th2) immune
responses by overexpression of TSLP. However, it is currently
unclear whether TLR4 is a target in the treatment of airway
remodeling in asthma. The present study established a house
dust mite (HDM)-induced chronic asthmatic model in female
BALB/c mice and treated the HDM-exposed mice with
3 mg/kg TAK242, as a TLR4 antagonist, 30 min prior to
HDM challenge for up to 2 weeks. General structural changes
in the airways were subsequently evaluated and the levels of
TSLP in the bronchoalveolar lavage fluid (BALF) and inter-
leukin (IL)-4,IL-13 and interferon (IFN)-v in the blood serum
were determined. Results indicated that TAK242 treatment
markedly reduced pathological changes in the airways of
HDM-induced asthmatic mice, as demonstrated by reductions
in airway wall thickening, peribronchial collagen deposition
and subepithelial fibrosis. Furthermore, airway hyperrespon-
siveness to inhaled methacholine and the levels of TSLP in
the BALF and IL-4, IL-13 and IFN-v in the peripheral blood
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were significantly reduced by TAK?242 treatment (P<0.05).
Furthermore, the shift in the IFN-y/IL-4 ratio induced by
HDM treatment was significantly reversed following TAK242
pretreatment, which indicated that TAK242 modulated
Th1/Th2 immune homeostasis in the chronic asthma mouse
model. The present findings in a chronic asthma mouse model
suggest that TAK242 may be an efficient treatment for airway
remodeling, possibly through the inhibition of TSLP overex-
pression and Th2 airway inflammation.

Introduction

Allergic asthma is among the most common chronic lung
diseases worldwide (1), of which airway remodeling is the
predominant feature and primary cause of asthma-related
disability and mortality (2,3). However, the development
of effective therapeutic agents for the treatment of airway
remodeling is in its infancy (4). The current therapeutic agents
used for asthma therapy include glucocorticoids, which are
only effective in inhibiting airway inflammation and have
a limited effect in treating airway remodeling, which is
among the underlying reasons for drug-resistant asthma (5,6).
The identification of novel strategies that overcome the
pathological airway structural changes in asthma is required.
However, the mechanisms underlying the airway structural
changes in asthma are not well understood and require further
investigation.

It has recently been indicated that bronchial epithelial
cells are critical in driving naive T cell differentiation towards
T-helper 2 (Th2) cells through the activation of dendritic
cells (7-10). This is mediated by toll-like receptor 4 (TLR4)
signaling upon the interaction of epithelial cells and environ-
mental aero-antigens, including house dust mites (HDMs),
which are the most common allergen known to induce
asthma (11,12). The activation of TLR4 has been demonstrated
to stimulate the expression of multiple epithelium-derived cyto-
kines, including thymic stromal lymphopoietin (TSLP) and
interleukins (ILs)-25 and -33 (13,14). Notably, our group has
previously reported that TSLP signaling in airway epithelial
cells may serve a central role in initiating airway remodeling
by stimulating the Th2 cell response (15). Therefore, targeting
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of TLR4 signaling may be an effective strategy to treat airway
remodeling in asthma. TAK242, as a specific TLR4 antago-
nist that was initially developed for sepsis therapy, is a potent
anti-inflammatory drug (16,17). However, the efficacy of this
drug in the treatment of airway remodeling in asthma remains
unknown. By establishing a HDM-induced chronic asthma
mouse model, the present study investigated whether TAK242
was able to reducing pathological airway structural changes.
Furthermore, the present study evaluated whether TAK242
may exert its effects by inhibiting TSLP signaling and
reversing Th2/Thl skewing in mice with chronic asthma. The
outcomes of the present study may indicate a novel strategy for
the treatment of chronic asthma and improve understanding of
asthma pathogenesis.

Materials and methods

Animals and reagents. A total of 15 female BALB/c mice
(6-8 weeks old; weighing 18+2 g) were purchased from
Shanghai SLAC Laboratory Animal Center (Shanghai, China).
The animals were housed under specific pathogen-free condi-
tions under a 12-h light/dark cycle with a constant temperature
of 20°C and humidity of 55%. No dietary restriction was
applied. All procedures were performed in accordance with
the guidelines of the Institutional Animal Care and Use
Committee of Sun Yat-sen University (Guangzhou, China).
Purified HDM whole-body extract was purchased from Greer
Laboratories, Inc. (Lenoir, NC, USA) and dissolved in saline
for intranasal instillation. TAK242 powder was purchased
from Takeda Pharmaceutical Company (Osaka, Japan) and
dissolved in dimethyl sulfoxide (DMSO) prior to use. A
mouse TSLP ELISA kit was purchased from R&D Systems,
Inc. (cat. no. MTLPOO; Minneapolis, MN, USA), and IL-4,
IL-13 and interferon (IFN)-y ELISA kits were purchased from
eBioscience; Thermo Fisher Scientific, Inc. (cat. nos. BMS613,
BMS6015, and BMS606, respectively; Waltham, MA, USA).
The present study was approved by the Ethics Committee of
the Third Affiliated Hospital of Sun Yat-Sen University.

HDM:-induced chronic asthma model. Mice were randomly
divided into saline (negative control), HDM-exposed and
TAK?242 treatment groups (5 mice/group). The HDM-induced
chronic asthma model was established as described previ-
ously (15,18) with slight modifications (Fig. 1). Briefly,
following anesthesia with 2.0% isoflurane (Baxter, Deerfield,
IL, USA) using a Matrx Animal Anesthesia Ventilator System
(Matrx VIP3000; Midmark Corporation, Dayton, OH, USA),
the mice were challenged by intranasal instillation with
15 ug HDM (in 10 pl saline) every day for 3 consecutive days
followed by a 4 day rest period, which was repeated over the
course of 5 weeks. From week 4 onwards, 3 mg/kg TAK242
or an equivalent volume of DMSO was administered by
intraperitoneal injection 30 min prior to HDM exposure to the
TAK?242 treatment group or HDM group, respectively. The
negative control group was exposed to 10 ul saline instead of
HDM.

Whole-body plethysmograph. On day 32, 24 h after the final
HDM intranasal administration, airway hyperresponsiveness
(AHR) was measured using whole-body plethysmography
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Figure 1. Establishment of HDM-induced chronic asthma model in mice.
BALB/c mice were challenged by i.n. HDM on 3 consecutive days per week
for 5 weeks. The negative control group was exposed to saline instead of
HDM. From week 4 onwards, TAK242 or dimethyl sulfoxide was admin-
istered by i.p. injection 30 min prior to HDM exposure in the TAK242
treatment group or HDM group, respectively. On day 32 AHR to metha-
choline was assessed. For histological analysis, BALF and lung tissue were
harvested on day 33 following the sacrifice of mice. HDM, house dust mites;
AHR, airway hyperresponsiveness; BALF, bronchoalveolar lavage fluid; i.n.,
intranasal; i.p., intraperitoneal.

(Buxco Electronics, Inc., Wilmington, NC, USA), as described
previously (15). The mice were placed in a chamber for accli-
matization and the basal enhanced pause (Penh) values were
recorded. Following acclimatization, saline was nebulized as a
control in all groups, which was followed by administration of
increasing concentrations (6.25, 12.5, 25, 50 and 100 mg/ml)
of methacholine (Sigma-Aldrich; Merck KGaA; Darmstadt,
Germany), administered at 5-min intervals. Penh values were
recorded as testing values. The final Penh for each concentra-
tion was calculated using the following formula: 100 x (testing
Penh-basal Penh)/basal Penh.

Bronchoalveolar lavage fluid (BALF) collection. Mice were
sacrificed with an overdose of anesthetic (by inhalation of
5.0% isoflurane) 24 h after the assessment of AHR. The left
major bronchus was tied and inserted with a 24-guage needle.
The BALF was harvested using a 1 ml saline perfusion, which
was repeated 3 times. Following collection, the BALF was
centrifuged at 600 x g for 10 min at 4°C and the supernatant
was stored at -80°C for TSLP measurement using ELISA kit
following the manufacturer's instructions.

Cell counting. Cells in the BALF were collected via centrifu-
gation (600 x g, 10 min at 4°C) and then resuspended with
0.5 ml of PBS. 0.1 ml of the cell suspension was used for
total cell counting in a hemocytometer. The remaining
cell suspension was smeared onto the glass slides. The
Wright-Giemsa staining were performed on the dry-out
slides and the eosinophils were identified and counted in
every 400 cells (percentage of eosinophils=numbers of
eosinophils/400x100%) (15).

Lung histology. The left lung lobes of the mice were harvested,
fixed in 4% neutral buffered formalin at room temperature
overnight and embedded in paraffin. Lung sections were
prepared by sectioning the tissue into 5-ym thick sections.
Hematoxylin and eosin staining was performed to evaluate
the general structural changes of the airways, and periodic
acid-Schiff and Masson's trichrome staining were performed
on the lung sections to visualize goblet cells and collagen
deposition, respectively, using a light microscope. The goblet
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Figure 2. (A-I) TAK242 treatment ameliorated pathological airway structural changes in chronic asthmatic mice. (A, D and G) H&E staining was performed to
evaluate the general structural changes of the airways, and (B, E and H) Masson's thichrome and (C, F and I) PAS staining was conducted on the lung sections
to visualize collagen deposition and goblet cells, respectively. Magnification, x20. The white arrows indicate the inflammatory cell infiltration, red frames
indicate thickened airway walls, peribronchial collagen deposition and subepithelial fibrosis, and the black arrowheads indicate goblet cell hyperplasia. H&E,

hematoxylin and eosin; HDM, house dust mites; PAS, periodic acid-schiff.

cell coverage and peribronchial collagen thickness were
measured as described previously (15).

Peripheral blood collection and ELISA. After the mice were
sacrificed, a capillary was inserted into the medical canthus
of the eye with slight pressure. The peripheral blood was
harvested through the capillary tube to obtain a total volume
of 0.8-0.9 ml. Following clot formation, the blood was centri-
fuged at 600 x g for 10 min at 4°C and the serum was stored
at -80°C to measure cytokine levels. ELISA was performed to
determine the levels of IL-4,IL-13 and IFN-y in the peripheral
blood following the manufacturer's instructions.

Statistical analysis. Data were analyzed using SPSS 21.0 soft-
ware (IBM Corp., Armonk, NY, USA) and presented as the
mean + standard deviation. Statistical analysis was performed
using one-way analysis of variance for multiple comparisons
followed by a Fisher's least significant difference post hoc
test with homoscedasticity, or a Welch's approximate t-test
followed by a Dunnett's T3 test with heterogeneity of variance.
P<0.05 was considered to indicate a statistically significant
difference.

Results

TAK?242 treatment inhibits airway structural changes in
HDM-exposed mice. As indicated in Fig. 2, mice exposed
to HDM exhibited marked airway structural changes when
compared with the saline group (Fig. 2A-F), including
inflammatory cell infiltration (Fig. 2D), thickened airway
walls, peribronchial collagen deposition, subepithelial fibrosis
(Fig. 2E) and goblet cell hyperplasia (Fig. 2F). Notably,
TAK?242 treatment abolished these airway structural changes

induced by HDM treatment (Fig. 2G-I), which indicated that
TAK?242 may be efficient in the treatment of airway remod-
eling. Furthermore, the numbers of total cells and eosinophils
in the BALF, and the coverage of airway goblet cells, were
significantly reduced in TAK242-treated mice compared with
HDM-exposed mice (P<0.01; Fig. 3).

TAK242 pretreatment reduces AHR levels in chronic asth-
matic mice. AHR is a clinical sign of chronic asthma, and is
characterized by hyperreactivity of the airways in response
to relatively low concentrations of bronchial constricting
reagents, including methacholine (19). Whole-body
plethysmographs demonstrated that the airway reactivity
levels of HDM-exposed mice were significantly increased
when compared with the saline group at the concentration
of 100 ug/ml (P<0.01), which suggested successful estab-
lishment of the chronic asthma model. Notably, TAK242
pretreatment significantly reduced the Penh levels in
HDM-exposed mice when compared with the HDM group
at the concentration of 100 yg/ml (P<0.01; Fig. 4), which
further demonstrated that TAK242 may be efficient in
treating asthma.

TAK242 inhibits TSLP expression in the chronic asthma
model. Our group previously demonstrated that TSLP signaling
in airway epithelial cells mediated airway remodeling in
asthma (15). To evaluate whether TAK?242 blocked airway
remodeling through the inhibition of TSLP signaling, TSLP
levels in the BALF were measured (Fig. 5). The results indicated
that TAK?242 significantly reduced the levels of TSLP from
25.32+1.92 pg/ml in HDM-exposed mice to 17.82+1.42 pg/ml
in TAK242-treated mice (F=8.391; P<0.05), which was similar
to the TSLP levels in the saline group (16.33+1.67 pg/ml).
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Figure 3. TAK242 treatment reduced pathological cell changes in chronic asthmatic mice. Cell counting of the (A) total cells and (B) eosinophils in the BALF,
and (C) the coverage of airway goblet cells in mice. “P<0.01. HDM, house dust mites; BALF, bronchoalveolar lavage fluid.
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Figure 4. TAK242 treatment reduced HDM-induced airway hyperreactivity. The Penh of mice was recorded following stimulation with increasing concentra-
tions (0, 6.25, 12.5, 25, 50 and 100 mg/ml) of methacholine. Data are presented as the mean + standard deviation. “P<0.01 vs. HDM group. HDM, house dust
mites.

TAK242 reduces Th2 cytokine expression and reverses  of TAK242 against the Th2 cell response was determined by
Th2/Thl skewing. Th2/Thl skewing is a central event that aids ~ measuring levels of the Th2-type cytokines IL-4, IL-13 and
to trigger pathological changes in asthma, and is initiated by = Thl-cytokine IFN-y in the peripheral blood. ELISA results
TSLP signaling (20). Therefore, the potential inhibitory effect  indicated that TAK242 signficantly reduced the levels of all
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Table I. Effect of TAK242 treatment on the levels of Th1/Th2 cytokines.

Statistical values

Group (n=5) HDM vs. Saline HDM vs. TAK242
Cytokine Saline HDM TAK?242 F-value P-value F-value P-value
IFN-y (pg/ml) 21.46+4.23 52.45+9.86 25.87+3.81 6.459 0.0002 5.623 0.0005
IL-4 (pg/ml) 10.23+£2.38 48.78+7.24 14.14+1.62 11.31 0.0000 10.44 0.0000
IL-13 (pg/ml) 31.46+2.96 78.75+5.83 42.89+5.98 16.17 0.0000 9.601 0.0000
IFN-vy/IL-4 2.10+0.15 1.10+0.27 1.82+0.35 7.240 0.0001 3.642 0.0066

The concentrations of Th1/Th2 cytokines in the saline, HDM and TAK242 groups are presented as the mean + standard deviation. P<0.05 was
considered to indicate a statistically significant difference. Th, T-helper; HDM, house dust mites; F-value, Fisher's post hoc F-statistic; IFN-vy,

interferon-y; IL, interleukin.
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Figure 5. The level of TSLP in BALF. Data are presented as the mean =+ stan-
dard deviation. "P<0.05. HDM, house dust mites; BALF, bronchoalveolar
lavage fluid; TSLP, thymic stromal lymphopoietin.

cytokines when compared with those in HDM-exposed mice
(P<0.01; Table I). Notably, TAK242 significantly reversed the
IFN-y/IL-4 ratio from 1.10+0.27 to 1.82+0.35 (P=0.0066;
Table I), indicating that TAK242 may prevent IFN-vy/IL-4
skewing, potentially through targeting of TLR4 signaling.

Discussion

In the present study, a HDM-induced chronic asthma mouse
model was successfully established with high levels of IL-4
and IL-13, which indicated a robust Th2 response (21). This
prolonged exposure model exhibited airway inflammation and
structural changes characteristic of chronic asthma, including
infiltration of inflammatory cells in the airway, thickened
basement membranes, upregulated goblet cells within the
bronchial epithelia and AHR to methacholine, thus providing
a useful tool for the development of therapeutic drugs against
chronic asthma.

The specific TLR4 antagonist TAK242, initially devel-
oped for sepsis therapy, has been previously demonstrated to
reduce lipopolysaccharide-induced inflammation in epithelial
cells (16,17). However, to the best of our knowledge, the
present study is the first to indicate the potential of TAK242 in
the treatment of asthma. Previous studies have suggested that

defects in the repair of bronchial epithelial cells may be an
initiating factor for subepithelial changes in asthma (20,22,23).
Furthermore, the interaction of epithelial cells with allergens,
including that with HDM mediated by TLR4, may initiate
the Th2 immune response by inducing the secretion of
epithelim-derived cytokines, including TSLP, IL-25 and IL-33,
via nuclear factor-kB activation (7,24,25). This effect may be
sufficient to activate dendritic cells and promote Th2/Thl
skewing (10,26). Notably, our group previously demonstrated
in a HDM-mouse model that TSLP signaling was a principle
determinant of airway remodeling, by inducing dentritic cell
activation and the Th2 immune response (15). Furthermore,
blocking of TSLP reduced the levels of IL-13 and transforming
growth factor-f3, and reversed the pathological airway changes
induced by HDM exposure. These findings suggest that
TAK?242 may be an effective treatment for airway remodeling
through its targeting of TLR4-TSLP signaling.

Histological analyses demonstrated that TAK242 mark-
edly alleviated pathological changes in the airways induced
by HDM exposure, including thickening of the airway walls,
peribronchial collagen deposition and subepithelial fibrosis,
which implicates TAK242 as a potent therapeutic agent for
airway remodeling in asthma. To investigate the underlying
mechanisms, the levels of TSLP and Th1/Th2 cytokines
were determined in all experimental groups, and the results
suggested that TSLP in the BALF was significantly reduced.
This finding was consistent with previous observations that
TLR4 activation induced Th2-derived airway inflamma-
tion by inducing epithelium-derived cytokines, including
TSLP (7,8,23). In addition, the IFN-y/IL-4 ratio, which reflects
the Th1/Th2 immune homeostasis status in vivo (26), was
significantly reversed by TAK242 treatment in HDM-exposed
mice in the present study.

As neutralizing TSLP may regulate the homeostasis of
Th1/Th2, the modulatory effect of TAK242 on the Th1/Th2
balance may be a consequence of TSLP regulation and dendritic
cell activation. Further studies are now required to understand
the mechanism of action of TAK242 in vitro and in vivo.

In conclusion, the present results indicate that TAK242
exerts potent therapeutic effects against airway remodeling
induced by allergens. These findings may aid to identify novel
therapeutic strategies for the treatment of asthma and other
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lung diseases characterized by TLR4-mediated changes in
airway structure.
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