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Abstract. – OBJECTIVE: To explore the 
mechanism of TLR7 mediating NF-κB signaling 
pathway on the pathogenesis of bronchial asth-
ma in mice and the intervention effect of IFN-γ 
in the process.

MATERIALS AND METHODS: The experimen-
tal animals were 70 C57BL/6J female mice of 
clean grade, which were divided into 7 groups 
according to different treatment protocols, in-
cluding Normal group, Asthma group, Mod-
el+1-MT group, Model+IFN-γ group, Model+TLR7 
agonist group, TLR7 deficient group, and Mod-
el+TLR7 deficient group. Hematoxylin-eosin 
(HE) staining was used to observe the patho-
logical changes of lung tissues. The positive ex-
pression rates of TLR7, p-IKKα and NF-κBp65 
were detected by immunohistochemistry. bron-
choalveolar lavage fluid (BALF) cells were clas-
sified and counted. The contents of interleukin 
(IL)-4, IL-10, IL-12 and interferon (IFN)-γ in BALF 
supernatant were detected by enzyme-linked 
immunosorbent assay (ELISA). Following iso-
lation, culture and plasmid construction of air-
way smooth muscle cells (ASMCS) from normal 
mice and asthmatic mice, cells were transfected 
and divided into the Control group, pcDNA-TLR7 
NC group, siRNA-TLR7 NC group, pcDNA-TLR7 
group, siRNA-TLR7 group, Asatone group, Trip-
tolide group, and pcDNA-TLR7 +Asatone group. 
The expression of TLR7, IDO, p-IKKα and NF-
κBp65 was detected by real-time polymerase 
chain reaction (RT-PCR) and Western blot, re-
spectively. 3-(4,5-dimethyl-2-thiazolyl)-2,5-di-
phenyl-2-H-tetrazolium bromide (MTT) was used 
to detect the proliferation of ASMCS. The cell cy-
cle and apoptosis of ASMCS were detected by 
flow cytometry.

RESULTS: HE staining showed successful 
modeling of asthma. Immunohistochemical 
test showed that the positive expression rate 
of TLR7 in the Asthma group was significant-
ly decreased, and that of IKKα and NF-κBp65 
was significantly increased, with significantly 
increased IL-4, IL-10, IL-12 and IFN-γ levels (all 

p<0.05). Model+1-MT group and Model+TLR7 
deficient group had a large number of inflam-
matory cell infiltration, increased IL-4, IL-10, 
IL-12 and IFN-γ levels, decreased expression 
levels of TLR7 and IDO, and increased ex-
pression of p-IKKα and NF-κBp65 (all p<0.05); 
while the opposites results were detected in 
Model+IFN-γ group and Model+TLR7 agonist 
group (all p<0.05). Cell transfection experi-
ments revealed that pcDNA-TLR7 group and 
Triptolide group had increased TLR7 expres-
sion while decreased p-IKKα and NF-κBp65, 
decreased proliferation level, and increased 
cell apoptosis (all p<0.05); while the contrary 
results were found in siRNA-TLR7 group and 
Asatone group (all p<0.05); yet without sig-
nificant difference in pcDNA-TLR7+Asatone 
group (all p>0.05).

CONCLUSIONS: Upregulation of TLR7 can in-
hibit the activation of NF-κB signaling pathway, 
reduces airway inflammation, inhibits ASMCS 
proliferation and thus promotes cell apoptosis 
in asthmatic mice. Besides, IFN-γ can exert a 
protective role in suppressing the progression 
of inflammation in asthma.
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Introduction

Immunologic tolerance is a kind of specific 
immune non-responsive state produced by the 
immune system after contacting with antigenic 
substances1. It plays a key role in the body’s 
adaptation to the external environment (such 
as contact with external antigens) and non-re-
sponsive protection of its own tissue antigens2. 
The immunologic tolerance can be induced to 
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prevent and treat diseases such as transplant 
rejection, autoimmune and allergic diseases3,4. 
Bronchial asthma is an allergic disorder featured 
by airway hyperresponsiveness and chronic air-
way inflammation5. Activation of naive CD4+ T 
cells is the initiating factor in the pathogenesis 
of asthma, and the imbalance of Th1/Th2 cells 
is considered to be a key link in its occurrence6. 
Insufficient apoptosis of activated T lympho-
cytes can be detected in patients with allergic 
asthma, which is an important reason for fre-
quent occurrence and chronic delay of the dis-
ease and may be the evidence of the deficiency 
of immune tolerance mechanism in its patho-
genesis7. The absence or weakening of immune 
tolerance can further enhance Th2 response, 
further induce airway hyperresponsiveness and 
thus result in chronic inflammatory diseases 
eventually8,9. Hence, the deficiency of immune 
tolerance mechanism may be the primary cause 
of allergic asthma.

Indoleamine dioxygenase (IDO) mediated 
tryptophan metabolism has been documented 
to play an important role in peripheral immune 
tolerance, and its role in allergic asthma, organ 
transplantation and tumor has become a research 
hotspot in recent years10,11. Expression of IDO at 
transcriptional level in various cells may be 
induced by specific inflammatory factors, and 
interferon (IFN)-γ is one of the typical factors 
which is the common inducer of IDO12. Other 
inflammatory factors such as IFN-α, IFN-β and 
LPS can also induce IDO expression, but the 
induction effect is not as good as that of IFN-γ13. 
Studies on the mechanism of IDO expression 
change induced by IFN-γ have detected that 
it may be regulated by many proinflammato-
ry cytokines such as IL-1β, TNF-α, NF-κB, 
etc.14. Among them, NF-κB is composed of p65 
subunit and p50 subunit and plays a pivotal 
role in inflammation and immune response by 
regulating cascade amplification cascade effect 
between immune/inflammatory related factors 
and inflammatory mediators15,16. The airway tis-
sue reconstruction in asthma exhibits an inti-
mate association with the activation of NF-κB, 
such as proliferation of airway epithelial cells, 
fibrosis of airway surrounding tissues, prolifera-
tion and hypertrophy of smooth muscle cells17,18. 
Moreover, the progression of asthma is closely 
related to the sustained and excessive expression 
of inflammatory factors caused by NF-κB acti-
vation19. These proinflammatory cytokines are 
regulated by downstream products of toll-like 

receptors (TLRs) signaling pathway, suggesting 
that IDO may be associated with TLRs20. In 
the research of establishing tumor microenvi-
ronment for effective immunotherapy, it has 
been shown that inhibition of IDO activity can 
further enhance the antitumor activity of TLR9 
agonist IMO-212521. In addition, IDO inhibitor 
1-methyl-tryptophan (1-MT) can interfere with 
TLR signaling transduction in dendritic cells 
(DCs) independently of IDO activity22. Howev-
er, the relationship between IDO and members 
in TLRs in allergic asthma is not clear so far.

As pattern recognition receptors, TLRs play a 
key role in the process of pathogen infection23. 
At present, 10 different TLRs (named from 
TLR1 to TLR10), have been found in human 
beings24. The role of TLRs in the development 
of asthma has been widely concerned. At pres-
ent, it is believed that TLR4 expression is quite 
important for the activation of DCs in mice25. 
The activation of DCs leads to the upregulation 
of costimulatory molecules and the release of 
Th2 cytokines, which mediates the increase and 
exudation of eosinophils, thus leading to airway 
inflammation, suggesting that TLR4 activation 
is one of the causes of asthma26. Meanwhile, 
gene polymorphisms of other TLRs also af-
fect the susceptibility and course of asthma27,28. 
TLR7 activation also plays an important role 
in the occurrence and development of allergic 
diseases and autoimmune diseases29,30. IFN-α, 
IL-12 and TNF-α produced after TLR7 activa-
tion can mediate the immune response to shift 
to the direction dominated by Th1 cells, correct 
the dominant role of Th2 cells in asthmatic pa-
tients, reduce the expression of IL-4 and IL-13, 
and thus achieve the purpose of relieving asthma 
symptoms31. In particular, in asthmatic animal 
model, mice treated with topical TLR7 ago-
nist imiquimod (an immune modulator) showed 
decreased alveolar macrophages, B cells and 
TNF-α, and increased secretion of DCs, NK 
cells and IL-10 simultaneously, showing the 
therapeutic effect of asthma32. It supports that 
TLR7 has great potential in the treatment of 
allergic asthma.

In view of the above interpretation, and con-
sidering that there are few researches related to 
the role of TLR7 and NF-κB in the development 
of asthma, the present study was carried out to 
investigate the mechanism of TLR7 mediating 
NF-κB signaling pathway on the pathogenesis of 
bronchial asthma in mice and reveal the interven-
tion effect of IFN-γ.
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Materials and Methods

Modeling and Grouping
The experimental animals were 70 C57BL/6J 

female mice of clean grade, weighing 13-18 g 
and 7 weeks old, which were purchased from the 
Experimental Animal Center of Nanjing Medical 
University. Used animals were divided into 7 
groups according to different treatment proto-
cols: Normal group, Asthma group, Model+1-MT 
group (1-MT, IDO inhibitor, increase the inflam-
matory reaction), Model+IFN-γ group (IFN-γ, 
IDO inducer, suppress the inflammatory reac-
tion), Model+TLR7 agonist group, TLR7 deficient 
group, and Model+TLR7 deficient group, with 10 
mice in each group. As for the construction meth-
od of each group, it was described as follows: 
(1) mice in normal group did not receive any 
modeling treatment but just gastric administra-
tion of sterile distilled water. (2) Asthma group: 
a mouse model of asthma induced by dust mite 
was established by intraperitoneal injection of 
dust mite antigen extract and aluminum hydrox-
ide (20 μg/2 mg) combined with nasal challenge 
with dust mite antigen at a concentration of 4 mg/
mL. The successful modeling mice could show 
typical symptoms of asthma attack, such as rapid 
breathing, erect hair, cyanosis of lips, forelimb 
retraction, limb paralysis, slow response, nod-
ding respiration and other symptoms. Two mice 
with asthma symptoms were randomly selected 
and lung tissue sections were collected for ob-
servation to verify the successful modeling. (3) 
Model+1-MT group: after successful establish-
ment modeling as that of the Model group, mice 
were given 1-MT of IDO inhibitor (0.2 ml/kg for 
each) at the concentration of 2 mg/ml for one week 
of abdominal injection. (4) Model+IFN-γ group: 
Modeling mice in this group were given 100 U/ml 
IDO inducer IFN-γ for one week of continuous at-
omization. (5) Model+TLR7 agonist group: Mod-
eling mice in this group were provided with TLR7 
agonist by gavage for one week continuously. (6) 
TLR7 deficient group: TLR7 deficient mice model 
was constructed on the basis of Gene Knockout 
Technique in normal fed mice. (7) Model+TLR7 
deficient group: TLR7 deficient model was con-
structed by gene knockout in modeling mice.

Behavioral standards for modeling: in the Nor-
mal group, there were only slight scratching, 
sneezing or coughing during the process. Mice 
in the Model group had symptoms of irritability, 
scratching ears and gills, sneezing or choking, 
shortness of breath and evident abdominal con-

traction. Besides, with the prolonged duration of 
stimulation, the former symptoms became more 
serious, such as hair color change and tarnish, 
slow reaction, fecal incontinence, head and face 
pruritus, forelimb retraction, shortness of breath, 
back upright with arched back and other symp-
toms, which indicated a successful modeling was 
successful. All animal experiments in this study 
were in accordance with the experimental animal 
management and use principles locally with the 
Approval of the Ethics Committee. 

Bronchoalveolar Lavage and Lavage 
Fluid Treatment, Retention and 
Treatment of Bronchus and Lung Tissues

The mice were anesthetized with 1% phe-
nobarbital sodium, followed by the removal of 
eyeballs and animal sacrifice. After disinfection 
with 75% ethanol, the skin was cut, and the 
subcutaneous tissue and muscle were separated 
passively. After the trachea was fully exposed, 
a 22 G venous indwelling needle was used for 
endotracheal intubation. After the needle entered 
about 0.5 cm, the needle core was pulled out, and 
the surgical suture was inserted under the trachea 
to fix the indwelling needle. Following lavage 
twice with 0.5 ml of pre-cooled sterilized phos-
phate-buffered saline (PBS), the chest of mice 
was gently squeezed while the bronchoalveolar 
lavage fluid (BALF) was sucked back slowly. If 
the recovery rate was >80%, it was regarded as 
qualified. There was no significant difference in 
the recovery quantity of BALF among groups. 
After alveolar lavage, the fluid was centrifuged 
for 5 min (1000 r/min), and the supernatant was 
frozen at - 80°C for further usage.

With the collection of frozen BALF and re-sus-
pension, 10 μL of the BALF was placed on the 
Cell Counting Chamber to count the total number 
of cells. The remaining BALF was centrifuged 
at 4°C, and the cell precipitate was resuspended 
with proper amount of PBS. Then, 100 μL cell 
suspension was taken for sample loading after 
mixing, followed by centrifugal separation using 
WESCOR. After natural drying, cell slides were 
fixed with 95% ethanol. After drying, cells were 
stained with Diff-Quik. The total number of 
BALF cells, eosinophils, neutrophils, lympho-
cytes and monocyte macrophages were observed, 
with 400 nucleated cells counted under the mi-
croscope. After alveolar lavage, the left lung of 
mice was fixed with 4% paraformaldehyde for 
24 h, then embedded in paraffin, fixed and sliced 
eventually.
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Hematoxylin-eosin (HE) Staining
The left lung tissue preserved in 4% parafor-

maldehyde was fixed for 24 h, and then dehydrat-
ed by gradient ethanol, which was 70% ethanol 
for 1 h, 80% ethanol for 1 h, 95% ethanol for 1 h, 
95% ethanol for 1 h and 95% ethanol for 1 h, fol-
lowed by anhydrous ethanol for 1 h, transparent 
processing with xylene, embedded in paraffin and 
sliced of 5 μm in thickness. As for HE staining, 
xylene was used for dewaxing twice, 10 min each 
time, followed by gradient ethanol hydration (an-
hydrous ethanol for 1min, 95% ethanol for 1 min, 
80% ethanol for 1 min, and 70% ethanol for 1 
min); hematoxylin staining; soaking in HCI+ eth-
anol for seconds; Eosin staining; gradient ethanol 
hydration (95% ethanol for 1 min, 95% ethanol 
for 1 min, and anhydrous ethanol for 1 min), 
transparent processing with xylene; and sealing 
with neutral resin after drying. The morphologi-
cal structure of lung tissue, the injury of airway 
epithelium, the pathological changes around air-
way and the infiltration of inflammatory cells 
were observed under light microscope.

Immunohistochemical Detection
Frozen tissue sections were placed in a wet box 

and washed with PBS solution for 3 times (2 min 
each). The PBS solution was removed and the 
fluid around the tissue section was dried. A 3% 
hydrogen peroxide solution was dropped in the 
sections, which were then incubated for 10 min to 
block endogenous peroxidase. After PBS solution 
washing for 3 times (2 min each), antigen repair 
was performed with the use of microwave citric 
acid buffer (250 mL), high-temperature treatment 
for 6 min, low-fire treatment in the microwave 
oven for 15 min, and cooling at room temperature 
for 20 min. With repeated PBS washing three 
times (2 min each), the primary antibodies of 
TLR7, IKKα and NF-κBp65 were added and in-
cubated overnight. After PBS washing, and tissue 
section drying, the secondary antibody (goat-an-
ti-rabbit IgG-HRP) was added and incubated at 
room temperature for 20 min. Following similar 
steps of PBS washing as above, DAB solution 
was prepared immediately and used to develop. 
The color of development was controlled under 
microscope. After that, tissue sections received 
hematoxylin re-staining for 30 s, differentiation 
by HCI+ ethanol, washing with distilled water 
and re-staining again. Sealing was realized by 
using neutral resin following gradient ethanol 
hydration (70%-80%-90%-95%-anhydrous etha-
nol) and transparent processing with xylene. The 

experiment was performed to count the number 
of TLR7, IKKα and NF-κBp65 positive cells, and 
the percentage of positive cells in the total num-
ber of cells was calculated.

Enzyme-linked Immunosorbent Assay 
(ELISA) Detection

The supernatant of BALF was collected and 
detected for interleukin (IL)-4, IL-10, IL-12 and 
IFN-γ according to the instructions of ELISA 
kit. All kits were purchased from Abcam, Cam-
bridge, UK. The operation steps referred to the 
manual of the kit. The simple steps were as fol-
lows: the ELISA plate was coated with anti-IL-4, 
IL-10, IL-12 and IFN-γ monoclonal antibodies, 
placed overnight at 4°C, washed with PBS con-
taining 0.5 mL Tween-20, added with PBS solu-
tion containing 10 g/L BSA, and standing for 1h 
at room temperature. After washing, human IL-
4, IL-10, IL-12 and IFN-γ standards at different 
dilutions and cell culture supernatant were added 
into each well and kept at room temperature for 
2 h. After washing, biotin labeled mouse anti-hu-
man IL-4, IL-10, IL-12 and IFN-γ monoclonal 
antibodies and affinity labeled horseradish per-
oxidase (HRP) were added, which were left for 
1 h at room temperature. After washing, TMB 
chromogenic agent was added, and the reaction 
was stopped by adding 100 μL 2 moL/L sulfuric 
acid. The secretion of IL-4, IL-10, IL-12 and 
IFN-γ in the culture supernatant was detected by 
Microplate Reader.

Isolation, Culture and Identification of 
ASMCS

The mice were killed under abdominal anes-
thesia by using ketamine and droperidol mixed 
(0.1 ml/20 g) at the ratio of 1:1, and all the main 
trachea were obtained aseptically. Under the con-
dition of ice bath, the tracheal tissue was washed 
in serum-free Dulbecco’s Modified Eagle’s Me-
dium (DMEM) medium, the cartilage surface 
was cut off, the tracheal mucosa and submucosa 
were scraped off with cotton swab, and the car-
tilage on both sides was separated. After that, 
the isolated tracheal smooth muscle strips were 
cut into tissue blocks of about 1 mm × 1 mm × 1 
mm in size. At 37°C, 0.1% trypsin-0.02% EDTA 
was used for digestion for 10 min at first, then the 
0.1% collagenase digestion solution was changed 
twice, with digestion for 40 min and 50 min 
respectively under the same conditions. After 
washing, stabilizing, blowing, filtering and cen-
trifuging, DMEM medium containing 10% fetal 
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bovine serum was added. The number of cells 
was adjusted to 0.5×107/L, and then inoculated in 
24-well plates with 1 mL per well. The culture 
flask was then placed in a CO2 incubator at 37°C 
for 3 h for drying. The culture flask was turned 
gently so that the culture medium was just above 
the surface of the tissue block. After three days of 
culture in semi-open absolute standing mode, the 
culture medium was added to 5 ml, and the liquid 
was completely changed on the sixth day, and 
then the medium was changed once every three 
days. After 7 days, the cells were sub-cultured, 
and the 4th to 6th passage cells were selected for 
subsequent experiments.

Cell Grouping and Transfection
The third passage cells were digested by tryp-

sin and inoculated into 24-well plates to the mono-
layer status of growth. Cells were divided into 7 
groups according to the design requirements: 
Control group (ASMCS of the Normal group), 
pcDNA-TLR7 NC group (ASMCS of the Model 
group with the transfection of pcDNA-TLR7 NC 
sequence), siRNA-TLR7 NC group (ASMCS of 
the Model group with the transfection of siR-
NA-TLR7 NC sequence), pcDNA-TLR7 group 
(ASMCS of the Model group with the transfection 
of pcDNA-TLR7 sequence), siRNA-TLR7 group 
(ASMCS of the Model group with the transfec-
tion of siRNA-TLR7 sequence), Asatone group 
(ASMCS of the Model group with signaling path-
way agonist Asatone treatment), Triptolide group 
(ASMCS of the Model group with signaling 
pathway inhibitor Triptolide treatment), and pcD-
NA-TLR7 +Asatone group (ASMCS of the Model 
group without the transfection of pcDNA-TLR7 
sequence and signaling pathway agonist Asatone 
treatment). The transfection sequence was con-
structed by Sangon Biotech (Shanghai) Co., Ltd. 
Liposome transient transfection was carried out 
according to the protocol of lipofectamine 2000. 
The following experiments were carried out after 
24-48 h of culture.

Real-time Polymerase Chain Reaction 
(RT-PCR) Detection

Total RNA was extracted from lung tissue and 
ASMCs after transfection by using TRIzol (In-
vitrogen, Carlsbad, CA, USA). The absorbance 
ratio of RNA samples at 260/280 m wavelength 
was 1.9-2.0 with Ultraviolet Spectrophotometer. 
SYBR PrimescripTM RT-PCR kit (TaKaRa, Da-
lian, China) was used for detection using ABI 
Prism 7500 (Applied Biosystems, Foster City, 

CA, USA), and the operation was carried out 
according to the instructions of the kit. The re-
action lasted for 40 cycles at 95°C for 5 s and 
60°C for 30 s. Three parallel tubes were made for 
each sample to be tested and the relative standard 
substance of each gradient concentration. The 
amplification dynamic curve and melting curve 
were automatically drawn by the fluorescence 
quantitative analysis software. The purity of re-
al-time fluorescent quantitative reaction products 
was analyzed by melting curve to determine the 
specificity of the experiment. After PCR reaction, 
the data were analyzed by 7500 system SDS soft-
ware, and the relative initial copy number of each 
sample was calculated. β-actin (F: 5’-CCAGAG-
CAAGAGAGGCATCC-3’, R: 5’-CCGTGGTG-
GTGAAGCTGTAG-3’) was used as the internal 
reference in the detection of the mRNA level 
of TLR7 (F: 5’-CCACCAGACCTCTTGATT-3’, 
R: 5’-CCAGATGGTTCAGCCTAC-3’) and IDO 
(F: 5’-GATGAAGAAGTGGGCTTTGC-3’, R: 
5’-TCCAGTTTGCCAAGACACAG-3’), and the 
relative transcription level of target mRNA was 
calculated by relative quantitative method (2–∆∆CT 
method). The test was repeated 3 times.

Western Blot Detection
RPA strong lysate (10 times its volume) was 

used to decompose and homogenize tissues on 
ice. The supernatant was separated from the ho-
mogenate at a low temperature of 17,000 g. the 
protein content of the sample was determined by 
bicinchoninic acid assay (BCA) protein content 
determination kit. The sample buffer was added to 
the sample protein in the ratio of 1: 4. The protein 
was completely denatured by boiling in boiling 
water for 5 min. The supernatant was centrifuged 
at 17,000 g for 15 min to collect the supernatant. 
The samples were taken for 7.5% polyacrylamide 
gel electrophoresis in discontinuous buffer sys-
tem. Then, the gel was separated, and the protein 
was transferred to the nitrocellulose membrane. 
The membrane was sealed with 15% skimmed 
milk powder (dissolved by TBST) at room tem-
perature. The first antibody [TLR7 (ab124928, di-
lution ratio of 1:1000), p-IKKα (ab32041, dilution 
ratio of 1:10,000) and NF-κBp65 (ab16502, dilu-
tion ratio of 1:2000)] was added to the membrane 
and reacted overnight at 4°C. The membrane was 
washed by Tris-Buffered Saline and Tween-20 
(TBST). The corresponding secondary antibody 
of goat anti-rabbit IgG labeled with Horseradish 
Peroxidase (HRP) was added and incubated at 
room temperature for 2 h, followed by TBST 
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washing again. An appropriate amount of liquid 
A and B in enhanced chemiluminescence (ECL) 
reagent box were taken and mixed evenly. Clean 
filter paper was used to absorb the liquid on the 
membrane, and the mixed solution was evenly 
dropped into the membrane, followed by film ex-
posure and development. The integrated density 
value was analyzed and measured by computer 
image analysis system. GAPDH was the internal 
reference. Each group was repeated three times. 
This method was also applicable to cells.

Detection of 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium 
Bromide (MTT) 

After digestion of the cells in logarithmic 
growth phase with trypsin, the cells were resus-
pended into cell suspension by complete culture 
medium, and then the cells were counted by 
Hemocytometer. The experiment was divided 
into two groups, with 5 wells in each group, and 
100 μL cell suspension was added into each well 
(most of the cells in each well were 2000 cell/
well, and the number of cells was the same in 
each group). In order to detect the OD value of 
24 h, 48 h, 72 h, 96 h and 120 h, each group had 
5 96-well plates, followed by incubation in 5% 
CO2 incubator at 37°C. On the second day 4 h 
before the end of culture, the original culture 
medium remained, and 20 μL of 5 mg/ml MTT 
was added into each well simultaneously. After 
MTT was added for 4 h, the used culture medium 
was removed with a pipette gun, and then 100 
μL DMSO was added into each well to terminate 
the reaction. After that, the oscillator was used to 
oscillate the plate for 5-10 min, and then the OD 
value was detected at the wavelength of 490 nm 
using Microplate Reader, followed by statistical 
mapping.

Flow Cytometry Detection
After transfection, a part of the cells inoculat-

ed in the 6-well plate was cultured and digested 
with trypsin after growing over all the bottom of 
the culture plate. The cell suspension digested 
in each group was collected in 5 ml centrifuge 
tube, and then centrifuged twice at the speed of 
1,500 rpm for 5 min each. The supernatant after 
centrifugation was discarded, cells were washed 
with PBS twice, washed with binding buffer 
again, centrifuged at the same speed for 5 min 
repeatedly, and then the cell precipitates were 
collected. Then, the cells were resuspended with 
staining buffer (binding buffer) to make the final 

density of cell suspension to be 1×106 -1×107 cell/
ml. An amount of 100 uL cell suspension was 
collected to make the cell count to be about 1×105 
-1×106. The staining was performed by using flu-
orescein isothiocyanate/propidium iodide (FITC) 
labeled Annexin-V (5 uL), and then propidium 
iodide (PI) nucleic acid embedded dye (5 uL). The 
staining should be kept away from light at room 
temperature for 10-15 min, and then transferred 
to the flow cytometry tube for detection.

Statistical Analysis
SPSS 19.0 (SPSS, IBM, Armonk, NY, USA) 

was used for statistical analysis. Measurement 
data were expressed by mean ± standard devia-
tion. Comparison between groups was conducted 
by independent sample t-test. The comparison 
among groups was conducted by one-way analy-
sis of variance (ANOVA), and then the pairwise 
comparison was conducted by LSD method. The 
count data were expressed by percentage and an-
alyzed by chi square test. Statistical significance 
was determined when p< 0.05.

Results

Observation of Pathological Changes 
in Experimental Mice with Bronchial 
Asthma Under Different Interventions

According to the results of HE staining in 
Figure 1, the Normal group had smooth air-
way epithelium, no submucosal inflammatory 
cell infiltration and cilia shedding, no airway 
smooth muscle thickening and no inflammatory 
exudate infiltrating into alveolar cavity. In the 
Asthma group, the lungs showed homogeneous 
expansion, white color, irregular dark red blood 
flushing areas, and white and viscous exudates 
were detected on the section. Meanwhile, a large 
number of inflammatory cells infiltrated around 
the bronchus and blood vessels in the lung. In-
flammatory cells and exudates increased, and 
mucus embolus formed. Furthermore, immuno-
histochemical test detection of the positive ex-
pression of TLR7, IKKα and NF-κBp65 (Figure 
2) revealed that TLR7 was positively expressed 
in the Normal group, while IKKα and NF-κBp65 
showed weak positive expression. While in the 
Asthma group, TLR7 had weak positive expres-
sion, whereas IKKα and NF-κBp65 were highly 
positively expressed, and the positive cells were 
brown yellow and increased in the proportion 
significantly. Compared with the Normal group, 
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the positive expression rate of TLR7 in the Asth-
ma group was significantly decreased, and the 
positive expression rate of IKKα and NF-κBp65 
was significantly increased (p<0.05). These 
results suggested pathological deterioration of 
lung tissue, increased expression of TLR7, and 
activation of NF-κBp65 signaling pathway after 
modeling.

Furthermore, Model+1-MT group had a large 
number of inflammatory cell infiltration, in-
flammatory cells and exudate increased, while 
Model+IFN-γ group had decreased inflammato-
ry cell infiltration and exudate. In addition, there 
was flat airway epithelium with no inflammato-
ry cell infiltration and cilia shedding under the 
mucosa, no airway smooth muscle thickening 
and no inflammatory exudate infiltrating into 
the alveolar cavity in the TLR7 deficient group. 
Model+TLR7 agonist group was found to have 

both decreased inflammatory cell infiltration 
and exudate; while Model+TLR7 deficient group 
revealed a large number of inflammatory cells 
infiltration and increased inflammatory cells 
and exudates.

Observation of Factor Changes 
Related to Inflammation in 
Experimental Mice with Bronchial 
Asthma Under Different Interventions

As listed in Table I in terms of the results 
of ELISA, the content of IL-4, IL-10, IL-12 
and IFN-γ was significantly increased in Asth-
ma group when compared with Normal group 
(p<0.05). These results suggest that there may be 
increased airway inflammatory response.

Furthermore, there was significantly increase 
in the content of IL-4, IL-10, IL-12 and IFN-γ 
in BALF supernatant of the Model+1-MT group 

Figure 1. Observation of pathological changes by HE staining in experimental mouse with bronchial asthma under different 
interventions (100× and 400×).



TLR7, NF-κB and IFN-γ in asthma

873

BALF; whereas content of those indexes was 
markedly decreased (p< 0.05). Compared TLR7 
deficient group showed no significant change in 
IL-4, IL-10, IL-12 and IFN-γ in BALF superna-
tant compared with the Normal group (p>0.05), 
suggesting that TLR7 knockout alone had no 
significant effect on inflammatory response 
in mice. Meanwhile, compared with Asthma 
group, Model+TLR7 deficient group showed 
significantly increased content of IL-4, IL-10, 
IL-12 and IFN-γ in BALF supernatant; while 
Model+TLR7 agonist group had significantly 
decreased content of IL-4, IL-10, IL-12 and 
IFN-γ (p<0.05).

Observation of Changes in TLR7, 
IDO and NF-κB Related Factors in 
Experimental Mice with Bronchial 
Asthma Under Different Interventions

RT-PCR (Figure 3A) showed that compared 
with Normal group, Asthma group had decreased 
mRNA expression levels of TLR7 and IDO (p< 
0.05). Besides, Western blot detection results 
(Figure 3B) revealed decreased protein expression 
of TLR7, as well as increased protein expressions 
of p-IKKα and NF-κBp65 in Asthma group than 
those in Normal group (p<0.05). Meanwhile, in 
relative to the Asthma group, Model+1-MT group 
had evidently decreased mRNA expression levels 
of TLR7 and IDO, while Model+IFN-γ group in-
dicated remarkably increased mRNA expression 
levels of TLR7 and IDO (p<0.05). At the same 
time, compared with the Asthma group, Mod-
el+1-MT group showed significantly decrease in 
TLR7 protein expression, increase in the protein 
expressions of p-IKKα and NF-κBp65; while 
Model+IFN-γ group had significantly increased 
protein expression of TLR7, and decrease in the 
protein expression of p-IKKα and NF-κBp65 
(p<0.05).

Simultaneously, no significant difference was 
found between Normal group and TLR7 de-
ficient group (p>0.05). Model+TLR7 deficient 
group had markedly decreased TLR7 and IDO 
mRNA expression levels, whereas an opposite 
trend was detected in Model+TLR7 agonist group 
(p< 0.05). Besides, in relative to Asthma group, 
Model+TLR7 deficient group had significantly 
decreased protein expression of TLR7, but sig-
nificantly increased protein expression of p-IK-
Kα and NF-κBp65; while Model+TLR7 agonist 
group showed an opposite trend of increase in 
TLR7 but decrease in p-IKKα and NF-κBp65 
(p< 0.05).

Figure 2. Immunohistochemical analysis of TLR7, IKKα 
and NF-κBp65 expression in lung tissue of the normal and 
modeling mice; A, Immunohistochemical staining results of 
TLR7, IKKα and NF-κBp65 expression in lung tissue (100× 
and 400×); B, Statistical analysis of TLR7, IKKα and NF-
κBp65; n=10, analysis based on independent sample t-test; 
*Compared with the Normal group, p<0.05.
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Upregulation of TLR7 Gene Expression 
Inhibited Activation of NF-κB Signaling 
Pathway in ASMCS Experiment

In accordance with the results of RT-PCR and 
Western blot analysis (Figure 4), compared with 
the control group, the expression of TLR7 in 
other groups with interventions was significantly 
decreased, and the expression levels of p-IK-
Kα and NF-κBp65 were significantly increased 
(all p<0.05). There was no significant differ-
ence in the above indexes between pcDNA-TLR7 
NC group and the siRNA-TLR7 NC group (all 
p>0.05). In relative to corresponding NC group 
of pcDNA-TLR7 NC group and the siRNA-TLR7 
NC group, pcDNA-TLR7 group showed in-
creased TLR7 expression while decreased p-IK-
Kα and NF-κBp65, with an opposite trend found 
in siRNA-TLR7 group (all p<0.05). No signif-
icant change was found in the expression of 
TLR7 in both Asatone group and Triptolide group 
(p>0.05), but with significantly increased p-IK-
Kα and NF-κBp65 expression in Asatone group, 
while decreased p-IKKα and NF-κBp65 expres-

sion in Triptolide group (all p<0.05). Meanwhile, 
there was significant increase in TLR7 expression 
in pcDNA-TRL7+Asatone group (p<0.05), yet 
without significant difference in the expression of 
p-IKKα and NF-κBp65 (p>0.05).

As indicated by the proliferation detection re-
sults using MTT test (Figure 5A), compared with 
the Control, the other groups showed significantly 
increased proliferation level (all p<0.05). Besides, 
there was no significant difference among pcD-
NA-TLR7 NC group, siRNA-TLR7 NC group, 
and pcDNA-TLR7 +Asatone group (all p>0.05). 
Furthermore, pcDNA-TLR7 group and Triptolide 
group showed decreased proliferation level, while 
siRNA-TLR7 group and Asatone group showed 
increased proliferation level (all p<0.05). Besides, 
compared with pcDNA-TLR7 group, pcDNA-TL-
R7+Asatone group indicated increased prolifera-
tion level (p<0.05).

In addition, cell apoptosis detection by flow 
cytometry (Figure 5B,C) showed that compared 
with Control group, the apoptosis rate showed a 
significant downward trend in other groups with 

Table I. ELISA detection of inflammatory factors of IL-4, IL-10, IL-12 and IFN-γ in BALF supernatant of mice in the Normal 
group and Asthma group.

 Groups N IL-4 IL-10 IL-12 IFN-γ

Normal 10 27.43 ± 4.55 65.34 ± 6.46 43.43 ± 7.00 124.24 ± 16.35
Asthma 10 87.67 ± 12.12* 164.27± 14.38* 99.20 ± 9.75* 265.28 ± 20.12*
Model+1-MT 10 111.24 ± 13.00# 198.29 ± 15.32# 123.28 ± 10.21# 300.24 ± 22.86#

Model+IFN-γ 10 43.76 ± 8.70# 99.21 ± 11.21# 60.20 ± 8.62# 197.34 ± 13.15#

TLR7 deficient 10 26.40 ± 4.15 63.75 ± 6.76 45.26 ± 6.88 121.76 ± 16.48
Model+TLR7 agonist 10 37.84 ± 5.00# 70.26 ± 5.71# 49.50 ± 4.24# 143.02 ± 11.10#

Model+TLR7 deficient 10 120.43 ± 12.64# 204.12 ± 16.00# 128.46 ± 11.65# 296.27 ± 19.99#

Note: n=10, analysis based on one-way analysis of variance; *Compared with the Normal group, p< 0.05; #Compared with 
Asthma group, p< 0.05.

Figure 3. Observation of changes in TLR7, IDO and NF-κB related factors by RT-PCR and Western blot in experimental 
mice with bronchial asthma under different interventions; A, Relative expression detection by using RT-PCR; B, Results of 
Western blot detection in tissues; n=10, analysis based on independent sample t-test; *Compared with the Normal group, 
p<0.05; #Compared with the Asthma group, p<0.05.
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interventions, the difference was statistically sig-
nificant (all p<0.05). No significant difference 
was found in cell apoptosis among pcDNA-TLR7 

NC group, siRNA-TLR7 NC group, and pcD-
NA-TLR7 +Asatone group (p>0.05). In addition, 
pcDNA-TLR7 group and Triptolide group had 

Figure 4. Effect of upregulation of TLR7 gene expression inhibited activation of NF-κB signaling pathway on mRNA and 
protein expressions in ASMCS experiment. A, Results of RT-PCR detection in tissues; B, Results of Western blot detection in 
tissues; The experiment was repeated three times and compared by one-way analysis of variance; C, Protein bands by using 
Western blot; The experiment was repeated three times and compared by one-way ANOVA; *Compared with the Control 
group, p<0.05; #Compared with pcDNA-TLR7 NC group, p<0.05; and @Compared with siRNA-TLR7 NC group, p<0.05.

Figure 5. Effect of upregulation of TLR7 gene expression inhibited activation of NF-κB signaling pathway on the proliferation, 
cell cycle and apoptosis in ASMCS experiment. A, Statistical results of cell proliferation by MTT test; The experiment was 
repeated three times and compared by two-way analysis of variance; B, Statistical results of cell apoptosis by flow cytometry; 
C, Experimental results of cell apoptosis by flow cytometry; The experiment was repeated three times and compared by 
one-way ANOVA; *Compared with the Control group, p< 0.05; #Compared with pcDNA-TLR7 NC group, p<0.05; and @
Compared with siRNA-TLR7 NC group, p<0.05.
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significantly increased cell apoptosis rate (all 
p<0.05). Simultaneously, compared with pcD-
NA-TLR7 group, pcDNA-TLR7 +Asatone group 
showed decreased apoptosis rate (p<0.05).

Discussion

TLR7 belongs to type I transmembrane pro-
tein33, which is mainly composed of extracellular 
domain, transmembrane domain and intracellular 
domain. The extracellular domain of TLR7 has 
leucine-rich repeats, and the intracellular do-
main has a Toll/IL-1 receptor region, which has 
high homology with the intracellular domain of 
IL-1R34. It can activate downstream intracellu-
lar signaling transduction pathway and realize 
immune regulation35. TLR7 remains in endoplas-
mic reticulum under resting. When non-cellular 
components invade cells, TLR7 in endoplasmic 
reticulum will be transferred to endosome36. Af-
ter recognition and binding with ligands, TLR7 
may have changed conformation, can further 
recruit TIR domain of myeloid differentiation 
factor 88 (MyD88), activate downstream IRF7 
and cause IFN expression37. MyD88 can also 
activate IKK by activating downstream proteins 
such as IRAK-1/4, TRAF-6, TAK-1 and TAB-
1/2. Meanwhile, IKK can phosphorylate IKB, 
an inhibitor of NF-κB, and then activate NF-κB, 
and finally promote the expression of various 
proinflammatory factors (e.g., TNF-α, IL-1, and 
IL-6) and chemokine IL-838,39. In liver tissue, 
it has found that IL-12 secreted by plasma cell 
like dendritic cells (pDCs) after TLR7 activation 
can drive the immune response of type 1 helper 
T (Th1) cells, secrete a large amount of IFN-γ, 
activate phagocytes, antigen-specific cytotoxic T 
cells, and release various cytokines40. However, it 
is not clear whether TLR7 affects the expression 
of IFN-γ and induces IDO.

Both IDO and TLR7 play an important role in 
immune tolerance, but the relationship between 
them is not very clear. In a mouse model of im-
mune asthma, whether TLR7 can directly induce 
DCs to produce IDO or whether TLR7 can regu-
late the expression of IDO through cell signaling 
transduction is still unknown. Besides, whether 
its mechanism is related to IKK activation and 
NF-κB transcription factor regulation needs fur-
ther study.

At present, inhalation allergen is a more com-
mon choice in relative to ovalbumin sensitization, 
dust mite especially41. So far, IDO and TLR7 

related to specific immunosuppression have not 
been reported in the pathogenesis of dust mite 
sensitized mice. In our study, a mouse model of 
asthma was induced by intraperitoneal injection 
of dust mite antigen extract/aluminum hydrox-
ide; meanwhile, ASMCS were isolated from the 
normal and modeling animals to carry our cell 
experiments. Our study explored from two parts 
of animals and cells to verify the role of TLR7 
mediated NF-κB signaling pathway on the patho-
genesis of bronchial asthma in mice and the inter-
vention effect of IFN-γ.

To be specific, with the successful modeling 
of asthma, there were decreased positive ex-
pressions of TLR7 while increased IKKα and 
NF-κBp65 positive expressions in the modeling 
mice, accompanied by significantly increased 
IL-4, IL-10, IL-12 and IFN-γ levels. It suggested 
that there might be downregulated expression of 
TLR7 while activated NF-κB signaling pathway 
and aggravated inflammatory reaction in asth-
ma modeling mice. With the aim to suppress 
the progression of asthma and find out potential 
therapeutic approaches, our experiment further 
applied 1-MT and IFN-γ, among which 1-MT 
is an IDO inhibitor to promote inflammatory 
response, while IFN-γ is an IDO inducer to in-
hibit inflammatory response. Accordingly, cor-
responding results revealed a large number of 
inflammatory cell infiltration, increased IL-4, 
IL-10, IL-12 and IFN-γ levels, decreased ex-
pression levels of TLR7 and IDO, and increased 
protein expression of p-IKKα and NF-κBp65 af-
ter inducing inflammation by using 1-MT. While 
the inflammation was alleviated and IL-4, IL-10, 
IL-12 and IFN-γ levels were decreased using 
IFN-γ. It is suggested that IFN-γ may have a role 
in suppressing the progression of inflammation 
in asthma, which may be related to the increased 
expression of TLR7 while suppressed activation 
of NF-κB pathway.

In the subsequent experiment, for further iden-
tification of the mechanism of action, our study 
applied the design of gene therapy with the 
knockout and upregulation of TLR7 gene. Firstly, 
it was found that knockout of TLR7 gene alone 
had no significant adverse effect on normal mice, 
suggesting the feasibility and safety of the pro-
posed approach in our model. Similarly, it was 
observed that knockout of TLR7 gene in mod-
eling mice showed decreased TLR7 expression, 
indicating successful knockout, which resulted in 
aggravated inflammation, increased IL-4, IL-10, 
IL-12 and IFN-γ levels, and increased protein 
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expression of p-IKKα and NF-κBp65. While the 
use of TLR7 agonist in modeling mice revealed 
the opposite results that the inflammation was 
relieved and the activation of NF-κB signaling 
pathway was inhibited. All the above results 
highlight potential positive role of TLR7 in asth-
ma, which may be associated with the activation 
of NF-κB signaling pathway.

In this way, our study further carried out cell 
transfection experiments in the isolated ASMCS, 
and it was proven that upregulated expression 
of TLR7 and inhibited activation of NF-κB sig-
naling pathway using Triptolide both resulted 
in decreased p-IKKα and NF-κBp65, decreased 
proliferation level, and increased cell apoptosis; 
while the contrary results were found by sup-
pressing TLR7 expression and activating this 
pathway using Asatone, yet with no significant 
difference when upregulating TLR7 combined 
with Asatone. Significantly, it shall be noted that 
in relative to treatment by upregulating TLR7 
expression, combined treatment of TLR7 up-
regulation and Asatone reversed the beneficial 
role of upregulated TLR7 expression and led 
to increased p-IKKα and NF-κBp65, increased 
proliferation level, and decreased cell apoptosis. 
To this end, our study indicated that upregulation 
of TLR7 expression may exert a positive role 
in suppressing asthma, which may be related to 
the inhibited activation of NF-κB pathway. It 
can help to alleviate inflammation and suppress 
proliferation, re-distribute cell cycle and increase 
cell apoptosis.

Conclusions

Collectively, our study for the first time identi-
fies that upregulation of TLR7 can reduce airway 
inflammation, inhibit ASMCS proliferation and 
thus promote cell apoptosis in asthmatic mice 
by suppressing the activation of NF-κB signal-
ing pathway. Meanwhile, the activation of the 
proposed pathway can reverse the favorable role 
of upregulated TLR7 expression. Besides, IFN-γ 
can exert a protective role in suppressing the pro-
gression of inflammation in asthma. Our study 
may provide reference for the treatment of asth-
ma on the basis of genetic intervention from the 
aspects of animal and cell experiment evidence. 
Further large-scale animal retest and human ex-
periments will be better to confirm the findings 
in our study, so as to improve and broaden the 
therapeutic choices for asthma.
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