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Inhibition of TLR4 inhibits allergic responses in murine
allergic rhinitis by regulating the NF-xB pathway
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Abstract. The present study investigated the underlying mecha-
nisms and effects of toll-like receptor 4 (TLR4) on a mouse
model of allergic rhinitis (AR). An ovalbumin (OVA)-induced
mouse model of AR was treated with TLR4-short hairpin
RNA (shRNA). Allergic symptoms were then subsequently
assessed. Protein levels of OVA-specific immunoglobulin E
(IgE), eosinophil cation protein (ECP), leukotriene C4 (LTC4)
and prostaglandin D2 (PGD2) in mice serum and nasal lavage
fluid, as well as various inflammatory cytokine mediators in
mice serum, were determined by ELISA. Protein level detec-
tion was performed using reverse transcription-quantitative
PCR and western blot analysis. The results revealed that TLR4
was highly expressed in the nasal mucosa of AR mice. TLR4
inhibition significantly relieved OVA-induced AR symptoms.
Relief of symptoms was evidenced by a decreased frequency of
sneezing and nose friction, reduced levels of OVA-specific IgE,
ECP,LTC4,PGD2, less inflammatory cells and decreased levels
of T-helper 2 type cytokines. In addition, the data indicated that
OVA-induced activation of the NF-kB pathway was repressed
by TLR4-shRNA. The results of the current study indicate that
TLR4 may be a promising therapeutic target of AR.

Introduction

Allergic rhinitis (AR) is characterized by the inflammation
of the nasal mucosa and is one of the most common chronic
diseases in the world, with its prevalence rapidly increasing
over the past few decades (1). AR induces inflammation of
the upper respiratory tract, which is associated with media-
tors released by several types of hypersensitive immune cells,
including antigen presenting cells, eosinophils, B cells and
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mast cells (2). Many patients with AR often exhibit complica-
tions including chronic sinusitis and asthma (3). AR seriously
affects the lives of patients as the disease greatly increases
the familial and socio-economic burden (4). There are
several commonly used AR treatments, including intranasal
steroids, antihistamines, leukotriene receptor antagonists and
immunotherapy (5,6). However, patients with AR always have
unsatisfactory results (7). It is therefore necessary to assess
novel and effective AR treatments (8).

Within AR, genetic and environmental factors work in
congruence (9). The consensus is that AR is an immunoglobulin
E (IgE)-mediated specific type I hypersensitivity reaction, which
is induced by the imbalance of T-helper (Th) 1 and Th2 immune
responses in the body, and the nasal mucosal Th2 immune
response (10). Regulating the balance of Thl and Th2 immune
responses therefore serve preventive effects on AR. In 1988,
Hashimoto et al (11) identified a Toll gene in Drosophila and in
1996, the Toll gene was revealed to serve a role in Drosophila
immunity (12). Medzhitov et al (13) then identified toll-like
receptors (TLRs) in humans and mammals. TLRs are pattern
recognition receptors that serve a very important role in innate
and acquired immune responses (14,15). TLRs participate in the
innate immune response but also affect the type and intensity
of the acquired immune response, stimulate immune cells to
synthesize immune factors and regulate the differentiation of
T cells (16). Within the TLR family, the most studied is TLR4,
which localizes to the cell membrane and the cytoplasm and is
assessed primarily in immune cells (17). TLR4 is activated by
and recognizes, bacterial lipopolysaccharide (LPS), which is the
main molecular component of the cell wall in gram-negative
bacteria (18,19). Upon cell membrane receptor dimerization,
the TLR4 receptor system initiates a cascade of protein-protein
interactions, resulting in the production of pro-inflammatory
cytokines and interferons (17,20). These events initiate the inflam-
mation and immune response (17,20,21). When TLR4 binds to its
ligand, it induces ThO cells to differentiate into Th2 cells and
therefore promotes the occurrence of Th2-associated allergic
diseases (22-24). Therefore, TLR4 may serve an important role
in the pathogenesis of AR. A previous study has revealed that
TLR4 is highly expressed in the nasal mucosa of patients with
AR (25). However, the role of TLR4 in AR remains unclear.

The aim of the current study was to investigate the precise
role and molecular mechanism of TLR4 in the mouse model
of AR and to explore.
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Materials and methods

Ovalbumin (OVA)-induced AR establishment. A total of 40,
6-week-old BALB/c mice (~20 g; 20 male and 20 female)
were obtained from Charles River Laboratories, Inc. Mice
were maintained under a 12 h dark/light cycle, 20+1°C room
temperature, and 55+5% humidity with free access to food and
water. All animal experiments were performed in accordance
with the protocol approved by the Care and Use of Laboratory
Animals Committee. The current study was approved by the
Committee on the Use and Care of Animals of Taizhou Central
Hospital (Taizhou University Hospital, Taizhou, China). Mice
were randomly divided into four groups (n=10): A control
group; an AR group; an AR+control-short hairpin RNA
(shRNA) group and an AR+TLR4-shRNA group. The AR
mouse model was constructed as previously described (26).
Briefly, mice were sensitized with an intraperitoneal injection
of 25 ug OVA and 2 mg aluminum hydroxide (Sigma-Aldrich;
Merck KGaA) on days 0, 7 and 14 to promote primary sensiti-
zation. One week after the last intraperitoneal injection, mice
were intranasally challenged with 3% OVA daily for a week
for secondary immunization.

Intranasal administration of TLR4-shRNA. A total of 20 pul
control-shRNA (cat. no. sc-108080; Santa Cruz Biotechnology,
Inc.) or 20 pl TLR4-shRNA (cat. no. sc-40261-v; Santa Cruz
Biotechnology, Inc.) was intranasally administrated to mice
3 h prior to every daily OVA challenge (once a day) on days
28-34. AR group mice were treated with 20 pl saline 3 h prior
to every daily OVA challenge (once a day) on days 28-34.

Evaluation of nasal symptoms. For 10 min, after the last
administration of OVA challenge, the frequency of sneezing
and nose friction (scratching of the nose by the mouse) in mice
was calculated to assess early allergic reactions.

Inflammation cell counting (27). Inflammation cells (leuco-
cytes, eosinophils, neutrophils and lymphocytes) in the nasal
lavage fluid (NLF) were counted. Cells were re-suspended
in NLF with 1 ml 100 mmol/l PBS and 1% BSA (cat.
no. ST023; Beyotime Institute of Biotechnology). A hemo-
cytometer (Mindray 3000; Shenzhen Mindray Bio-Medical
Electronics Co., Ltd.) was subsequently used to count the
number of leucocytes. Wright's-Giemsa staining was then
performed at 37°C for 20 min to detect eosinophil, neutro-
phil and lymphocyte numbers under a light microscope at a
magnification, x200.

ELISA. After the last TLR4-shRNA or control-shRNA
administration, the blood and NLF samples of mice were
collected. Serum was harvested from blood samples and
NLF supernatant was obtained by centrifugation for 10 min
at 1,600 x g and 4°C; the samples were then stored at -80°C
until use. To determine the protein levels of OVA-specific IgE
(cat. no. 439807-1; BioLegend, Inc.), eosinophil cation protein
(ECP; cat. no. ABB-KTE71563-48T; Abbkine Scientific Co.,
Ltd.), leukotriene C4 (LTC4; cat. no. E-EL-M0753km-1;
Shanghai Zhenyu Chemical Technology Co., Ltd.) and pros-
taglandin D2 (PGD2; cat. no. ABB-KTE70766-48T; Abbkine
Scientific Co., Ltd.) in the plasma and NLF samples of mice
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from different groups, ELISA was performed. The secretion
of several pro-inflammatory factors and anti-inflammatory
factors including interleukin (IL)-4 (cat. no. ab221833), IL-5
(cat. no. ab204523), IL-13 (cat. no. ab219634), IL-17 (cat.
no. abl00702), tumor necrosis factor alpha (TNF-a; cat.
no. ab208348), interferon-y (IFN-y; cat. no. ab252352) and
IL-2 (cat. no. ab223588; all Abcam) in mice serum were
assessed using an ELISA kit according to manufacturer's
protocol. Analysis of the ELISA detection limit for each
protein revealed that no samples were below the detection
limit.

Reverse transcription-quantitative PCR (RT-gPCR). An
RNeasy Mini kit (Qiagen, Inc.) was used to extract total RNA
from nasal mucosa cells, according to the manufacturer's
protocol. The PrimeScript First Strand cDNA Synthesis kit
(Takara Biotechnology Co., Ltd.) was utilized for cDNA
synthesis as per the manufacturer's protocol. Synthesized
cDNAs were analyzed using qPCR with SYBR RT-PCR kit
(Takara Bio, Inc.) on the MiniOpticonTM RT PCR System
(Bio-Rad Laboratories, Inc.). The amplification conditions
were as follows: 98°C for 1 min, followed by 40 cycles at
98°C for 10 sec, 56°C for 20 sec and 72°C for 30 sec. Primer
sequences were as follows: TLR4, forward 5'-CCTGACACC
AGGAAGCTTGAA-3' and reverse 5-TCTGATCCATGC
ATTGGTAGGT-3'; GAPDH, forward 5'-CTTTGGTATCGT
GGAAGGACTC-3' and reverse 5'-GTAGAGGCAGGGATG
ATGTTCT-3" Relative gene expression levels were calculated
using the 244% method (28). GAPDH was used as the internal
control. All experiments were performed in triplicate.

Western blot analysis. Total nasal mucosa proteins were
extracted from mice using an M-PER Mammalian Protein
Extraction Reagent (ThermoFisher Scientific, Inc.) according
to manufacturer's protocol. Protein concentrations were
measured via a BCA kit according to manufacturer's
protocol. Protein samples (30 mg/lane) were separated by
10% SDS-PAGE and subsequently transferred onto PVDF
membranes (Merck KGaA). Membranes were blocked in 5%
skim milk at room temperature for 2 h and then incubated with
the following primary antibodies: Phosphorylated (p)-p65
(cat. no. 3033), p65 (cat. no. 8242), TLR4 (cat. no. 14358) and
B-actin (cat. no. 4970; all dilution: 1:1,000; Cell Signaling
Technology, Inc.), at 4°C overnight. After membranes were
washed five times with TBST, they were incubated with a
horseradish-peroxidase-conjugated anti-rabbit secondary
antibody (cat no. 7074; 1:5,000; Cell Signaling Technology,
Inc.) for 1 h at room temperature. Proteins were detected using
SignalFire™ Plus ECL Reagent (cat. no. 12630; Cell Signaling
Technology, Inc.) and imaged. Band density was quantified
using Gel-Pro Analyzer densitometry software (version 6.3;
Media Cybernetics, Inc.).

Statistical analyses. All experiments were repeated three
times. Data were presented as the mean + standard deviation.
Data analyses were performed using SPSS 18.0 statistical soft-
ware (SPSS Inc.). A one-way ANOVA, followed by a Tukey's
test, was used to measure the significance between groups.
P<0.05 was considered to indicate a statistically significant
difference.
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Figure 1. Expression of TLR4 in the nasal mucosa of AR mice. (A) mRNA and (B) protein levels of TLR4 in the nasal mucosa of control, AR, AR+control-shRNA
and AR+TLR4-shRNA mice were detected using reverse transcription-quantitative (RT-q) PCR and western blot analysis. Data are presented as the
mean = standard deviation. “P<0.01 vs. control group; P<0.01 vs. AR group. TLR4, toll-like receptor 4; AR, allergic rhinitis; mRNA, microRNA; shRNA,

short hairpin RNA.
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Figure 2. Frequency of (A) rubbing and (B) sneezing was recorded for 10 min after the last OVA challenge. The number of sneezes or nasal rubs was signifi-
cantly decreased in the TLR4 inhibition group. Data are presented as mean + standard deviation. “P<0.01 vs. control group; "P<0.01 vs. AR group. OVA,
ovalbumin; TLR4, toll-like receptor 4; AR, allergic rhinitis; sShRNA, short hairpin RNA.

Results

TLR4 is upregulated in the nasal mucosa of AR mice. nRNA
and protein levels of TLR4 were detected in the nasal mucosa
of AR mice using RT-qPCR and western blot analysis. TLR4
mRNA levels were significantly upregulated in AR mice
compared with the control group, whereas TLR4-shRNA
significantly reduced levels compared with AR mice (Fig. 1A).
Similarly, protein levels of TLR4 were markedly upregulated
in AR mice compared with the control group, whereas
TLR4-shRNA markedly reduced levels compared with the
AR group (Fig. 1B).

TLR4 downregulation alleviates AR symptoms in mice. To
assess the role of TLR4 in the regulation of AR, TLR4-shRNA
was administered into the nostril daily for 7 days, 3 h before
OVA challenge on days 28-34. The frequency of sneezing and
nose friction were detected after the last administration of
OVA challenge. Compared with the control group, OVA induc-
tion significantly increased the frequency of nose friction and
sneezing, while TLR4-shRNA administration significantly

reduced the frequency of each when compared with the AR
group (Fig. 2A and B).

TLR4 downregulation decreases allergic inflammatory
cytokine and OVA-specific IgE levels in AR mice. To assess
the underlying mechanisms of TLR4-shRNA in AR, levels
of allergic inflammatory cytokines and immunoglobulins,
including OVA-specific IgE, ECP, LTC4 and PGD2, were
determined in the serum and NLF of mice. Enhanced levels
of OVA-specific IgE, LTC4 and ECP in the serum of AR mice
were reduced by TLR4-shRNA administration (Fig. 3A-C).
The upregulated OVA-specific IgE, LTC4 and PGD2 in the
NLF of the mice also decreased in the TLR4-shRNA treat-
ment (Fig. 3D-F).

TLR4 downregulation decreases inflammatory cell numbers
in the NLF of AR mice. Compared with the control group, the
total number of cell leucocytes (Fig. 4A), eosinophils (Fig. 4B),
neutrophils (Fig. 4C) and lymphocytes (Fig. 4D) were signifi-
cantly increased in AR mice, and were markedly reduced by
TLR4-shRNA treatment.
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Figure 3. TLR4 inhibition decreased OVA-specific (A) IgE, (B) LTC4 and (C) ECP in serum, and OVA-specific (D) IgE, (E) LTC4 and (F) PGD2 in the NLF
of AR mice. Data are presented as the mean + standard deviation. "P<0.05, “P<0.01 vs. the control group; “P<0.05, *P<0.01 vs. the AR group. TLR4, toll-like
receptor 4; OVA, ovalbumin; IgE, immunoglobulin E; LTC4, leukotriene C4; ECP, eosinophil cation protein; PGD2, prostaglandin D2; NLF, nasal lavage fluid;

AR, allergic rhinitis; sShRNA, short hairpin RNA.
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Figure 4. TLR4 inhibition decreased the number of (A) leucocytes, (B) eosinophils, (C) neutrophils and (D) lymphocytes in the NLF of AR mice. Data are
presented as the mean + standard deviation. “"P<0.01 vs. control group; “/P<0.01 vs. AR group. TLR4, toll-like receptor 4; NLF, nasal lavage fluid; AR, allergic

rhinitis; ShRNA, short hairpin RNA.

TLR4 downregulation affects inflammatory cytokine secre-
tion in the serum of AR mice. Pro-inflammatory factors and
anti-inflammatory factors, including IL-4, IL-5, IL-13, IL-17,
TNF-a, IFN-y and IL-2, in the serum of mice were measured.
Compared with control mice, levels of IL-4 (Fig. 5A), IL-5
(Fig. 5B), IL-13 (Fig. 5C), IL-17 (Fig. 5D) and TNF-a
(Fig. 5E) in the serum of AR mice significantly increased,

while the levels of IFN-y (Fig. 5F) and IL-2 (Fig. 5G) signifi-
cantly decreased. TLR4-shRNA administration significantly
reversed each affect in AR mice.

TLR4 downregulation regulates the activation of the NFxB
pathway in the nasal mucosa of AR mice. Whether the NF-«xB
pathway was involved in the effects of TLR4 on AR mice was
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Figure 5. TLR4 inhibition impacted inflammatory cytokine secretion in the serum of AR mice. (A) IL-4, (B) IL-5, (C) IL-13, (D) IL-17, (E) TNF-a (F) IFN-y
and (G) IL-2 secretion. Data are presented as the mean + standard deviation. “P<0.01 vs. control group; “P<0.05 and ""P<0.01 vs. AR group. TLR4, toll-like
receptor 4; AR, allergic rhinitis; IL, interleukin; TNF-a, tumor necrosis factor alpha; IFN- v, interferon y; shRNA, short hairpin RNA.
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Figure 6. Effect of TLR4 inhibition on the NF-xB pathway in the nasal mucosa of AR mice. Western blot analysis was used to detect (A) p-p65 protein levels
as well as (B) the ratio of p-p65/p65. Data are presented as the mean + standard deviation. “P<0.01 vs. control group; “P<0.01 vs. AR group. TLR4, toll-like
receptor 4; NF-«xB, nuclear factor (NF)-kB; AR, allergic rhinitis; p-p65, phosphorylated phosphoprotein 65; shRNA, short hairpin RNA.

assessed. Protein levels of p-p65 and p65 were determined via
western blot analysis (Fig. 6A) and the ratio of p-p65/p65 was
calculated and presented in Fig. 6B. The increased protein level
of p-p65 observed in AR mice was significantly decreased via
TLR4-shRNA administration (Fig. 6B).

Discussion

The present study demonstrated that TLR4 was upregulated in
the nasal mucosa of AR mice. Furthermore, TLR4 inhibition
may significantly relieve AR symptoms, as indicated by the
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decreased frequency of sneezing and nose friction, reduced
levels of OVA-specific IgE, ECP, LTC4, PGD2, fewer inflam-
matory cells and decreased levels of Th2 type cytokines. The
results demonstrated that the activation of the NF-kB pathway,
induced by OVA, was repressed by TLR4-shRNA administra-
tion. Data in the present study also revealed TLR4-shRNA
administration exerted a protective effect on AR.

AR is one of the most common types of rhinitis. Previous
epidemiological studies indicate that the average incidence
rate of AR is 10-20% and the annual incidence rate is
increasing (29,30). In the past few years, the incidence and
severity of AR in developed countries has gradually increased
and AR has become a serious public health problem (4,31).
Although some progress has been made in the treatment
of AR, the therapeutic effect is still unsatisfactory (5-8).
Therefore, finding new and effective methods and targets for
the treatment of AR is essential.

TLR4, a well-characterized receptor for gram-negative
bacterial endotoxins or LPS (32,33), participates in inflamma-
tory signaling responses. TLR4 recognizes ligands including
LPS, lipooligosaccharides, bacterial endotoxins and substances
secreted by viruses, fungi and mycobacteria by pathogenasso-
cial-edmolecular patterns (34-36). In addition, TLR4 recognizes
endogenous ligands including high mobility group box protein
1 and B-defensin, among the dangerous/damage-associated
molecular patterns (36). TLR4 induces a pro-inflammatory
immune response by recognizing pathogens and endogenous
ligands, but abnormal expression can also promote the occur-
rence of various diseases (37). Cui et al (25) reported that TLR4
is highly expressed in the nasal mucosa of patients with AR.
Various studies have also alluded to the critical roles of TLR4
in the development of AR (38,39). However, the precise role of
TLR4 in AR progression remains largely unclear. Therefore,
the current study was performed.

In the current study, an OVA-induced AR mouse model
was established and treated with TLR4-shRNA. Consistent
with a previous study (25), the results demonstrate that
mRNA and protein levels of TLR4 in the nasal mucosa
of AR mice were significantly upregulated in comparison
with control mice. TLR4-shRNA administration markedly
reduced the frequency of sneezing and nose friction in AR
mice, suggesting that symptoms were alleviated. During the
pathogenesis of AR, an allergen triggers a Th2-predominant
immune response that produces antigen-specific IgE which
bind to mast cells (40). Repeated exposure to the same allergen
activates IgE-binding mast cells, which release inflammatory
mediators including histamine and leukotriene C4 (41). These
promote the initial irritation and sneeze reflex of mice (42).
ECP is the most widely used marker for monitoring diseases
involving eosinophils (43). PGD?2 is critical in the interaction
between different immune cells including mast cells, Th2
cells, eosinophils and dendritic cells (44). Consistent with a
previous study, levels of OVA-specific IgE, ECP, LTC4 and
PGD2 in AR mice significantly increased (27). The present
study indicated that TLR4-shRNA administration markedly
decreased the levels of OVA-specific IgE, ECP, LTC4 and
PGD?2 in AR mice. Consistent with these results, the results
of the current study also revealed that the number of upregu-
lated leucocytes, eosinophils, neutrophils and lymphocytes,
induced by OVA induction, was markedly reduced by the
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TLR4-shRNA treatment. Emerging evidence has demon-
strated that inflammatory mechanisms serve an important
role in AR development (45). Further analysis indicates that
the serum levels of IL-4, IL-5, IL-13, IL-17 and TNF-a.,
which are major mediators produced by Th2 cells, were
reduced following TLR4-shRNA treatment. Levels of IFN-y
and IL-2, which are primarily produced by Thl cells, were
upregulated by TLR4-shRNA. TLR4-shRNA may therefore
exhibit a therapeutic effect on AR mice by downregulating
pro-inflammatory cytokines produced by Th2 cells. As the
major transmembrane receptor for allergens, TLR4 transcribes
NF-«B in the nucleus through a series of complex intracellular
signal transduction pathways mediated by the adaptor protein
myeloid differentiation primary response protein-88, thereby
inducing the release of a large number of inflammatory factors
including TNF-a, IL-1 and IL-6, which in turn mediate and
aggravate airway inflammation (46). The current study also
elucidated as to whether NF-xB pathway was involved in
the effects of TLR4 on AR mice and the data indicated that
OVA-induced activation of the NF-xB pathway was inhibited
by TLR4-shRNA administration.

In summary, the expression of TLR4 was upregulated
in the OVA-induced AR mouse model. Administration of
TLR4-shRNA alleviated the allergic symptoms of AR mice
by regulating the production of pro-inflammatory mediators.
The present study revealed that TLR4-shRNA may effectively
alleviate allergic symptoms in AR mice and is therefore a
promising therapeutic agent for AR treatment. The current
study is, however, preliminary and has limitations. The NF-xB
inhibitor should be used to confirm the effect of TLR4-shRNA
on the NF-kB pathway. Percentages of the different cell types
(leucocytes, eosinophils, neutrophils and lymphocytes) were
not analyzed in this study. In addition, the relevant TLR4
ligand(s) in OVA-induced AR, whether LPS presented in the
environment or possibly in the OVA and whether OVA was
endotoxin-free were also not determined in the current study.
These issues should be further investigated to fully elucidate
the role of TLR4 in AR development.
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