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ABSTRACT

Background: We wanted to investigate whether parasympathetic inhibition affected the
expression of type 2 innate lymphoid cells (ILC2s) in the nasal mucosa of a mouse model of allergic
rhinitis (AR).

Methods: Thirty male C57BL/6 mice were randomly divided into 3 groups: control group, AR
group, AR-treated group. AR nasal symptoms were assessed on a semi-quantitative scale ac-
cording to the frequencies of nose rubbing and sneezing and the degree of rhinorrhea. The
expression of cytokines protein in serum was detected by enzyme linked immunosorbent assay
(ELISA). The number of ILC2s in nasal mucosa was detected by immunofluorescence double
staining assay. Quantitative real-time Polymerase Chain Reaction (qPCR) was used to detect the
expression of ILC2-associated factor in nasal mucosa.

Results: The symptom scores of the AR group were significantly higher than those of the control
group and AR-treated group. The expression levels of mouse ovalbumin (OVA) specific IgE, IL4,
IL5, and IL13 in the serum of AR group were significantly higher than those in the control group
and AR-treated group. The number of ILC2s and the gene expression of ILC2s related factors
GATA3, CD25 and CD90 (Thy1) in the nasal mucosa of the AR group were significantly higher than
those of the control group and AR-treated group.

Conclusions: We found that parasympathetic inhibition relieved AR symptoms and inhibited
immune response of AR mice. ILC2s play an important role in the occurrence and development of
AR, and parasympathetic nerve inhibition reduced the number of ILC2s and inhibited the cytokines
expression by ILC2s. Our data provide information on the mechanism of action of parasympathetic
inhibition in AR.
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INTRODUCTION

Allergic rhinitis (AR), a non-infectious chronic
inflammatory disease, affects 10%–20% of the
global population and the proportion is still
increasing.1 The clinical symptoms of AR are
usually paroxysmal sneezing, rhinorrhea, nasal
congestion, and nasal itching, which have a
serious impact on the quality of life of patients
and consume huge social and medical costs. AR
has become a research hot topic all over the
world, but its pathogenesis has not been fully
elucidated. The recognized pathogenesis is that
when the nasal mucosa is exposed to allergens,
dendritic cells (DCs) can uptake and present
them to T helper 2 (Th2) cells. Th2 cells induce B
cells to become allergen-specific IgE-producing
plasma cells by synthesizing and secreting Th2-
driving cytokines such as interleukin-13 (IL-13)
and interleukin-4 (IL-4), and then producing spe-
cific IgE. Allergen-specific IgE antibodies attach to
high-affinity IgE receptor FcεRI. Upon re-exposure,
the allergen binds to the IgE on the surface of
these cells and cross-links the IgE receptors,
leading to activation of mast cells and basophils
and the release of neuroactive and vasoactive
mediators such as histamine and cysteinyl leuko-
trienes. Histamine has a direct effect on blood
vessels (enhancing vascular permeability and
plasma leakage) and sensory nerves, while leuko-
trienes are more likely to cause vasodilation. The
excitement of the sensory nerve can cause nasal
itching and sneezing, while the excitation of the
parasympathetic nerve can stimulate glandular
secretion and vasodilation, causing runny nose
and other symptoms.2 It has been found that mast
cells directly contacted and attached to the nerve
through cell adhesion molecule 1 (CADM1),3,4

which kept increasing during inflammation of
AR.5,6 And eosinophils are also found to
accumulate around cholinergic nerves in allergic
reactions.7 The mediators secreted by neurons,
including neuropeptides and neurotransmitters,
act on the homologous receptors of allergic
immune cells (mast cells, dendritic cells,
eosinophils, Th2 cells, and ILC2s) to drive or
regulate immunity.8 In nasal mucosa,
parasympathetic nerve has obvious functional
advantages, while sympathetic nerve intervention
has little effect on nasal mucosa inflammation.9

Moreover, it was found that ipratropium bromide,
an anticholinergic drug, alleviated AR symptoms
and reduced the number of eosinophils in nasal
mucosa in a mouse model of AR.10 All these
studies show that the parasympathetic nerve
plays an indispensable role in the occurrence
and development of AR.

Type 2 innate lymphoid cells (ILC2s) were
recently reported to play a key role in the patho-
genesis of allergic disease, sometimes more
important than Th2 cells.11 They are derived from
lymphoid progenitor and have functions similar to
those of adaptive immune cells, but unlike
lymphocytes of the adaptive immunity, ILC2s do
not express antigen-specific receptors. Airway
epithelial cells can secrete cytokines such as IL-25,
IL-33, and thymic stromal lymphopoietin (TSLP)
after being stimulated by allergens.12 Then ILC2s
are stimulated to produce Th2 cytokines such as
IL-4, IL-5, IL-9, and IL-13, which participate in Th2
immune response and are closely related to the
occurrence and development of AR.13

Although some studies have verified that para-
sympathetic suppression can regulate the Th2 type
immune response in the nasal mucosa of mice with
AR, it is still not clarified whether parasympathetic
suppression can affect the expression of ILC2s in
the nasal mucosa of mice with AR. In this study, a
mouse model of AR was established and treated
with ipratropium bromide solution as a para-
sympathetic inhibitor. Nasal symptom scoring
scale, immunofluorescence double staining,
quantitative real-time PCR (qPCR), and enzyme-
linked immunosorbent assay (ELISA) were used
to investigate whether parasympathetic inhibition
affected the expression of ILC2s in the nasal mu-
cosa of the AR mouse model.
METHODS AND MATERIALS

Reagents

Ipratropium bromide was purchased from yua-
nye Bio-Technology Co., Ltd (Shanghai, China).
Ovalbumin (OVA) and aluminum hydroxide were
obtained from Sigma-Aldrich (St. Louis, MO, USA).
Antibodies against CD90 (Thy1) (ab3105), ST2
(ab25877) were obtained from Abcam (Cam-
bridge,UK). Secondary antibodies were obtained
from Invitrogen (Carlsbad, CA, USA). IL-4, IL-5, IL-
13 and mouse OVA specific IgE ELISA kits were
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purchased from Shanghai Xitang Biotechnology
Co., Ltd (Shanghai, China). Trizol was obtained
from Thermo Fisher scientific (Waltham, MA, USA).
SYBR green was obtained from Bio-RAD Labora-
tories (Hercules, CA, USA).
Establishment of AR mouse model

A total of 30 specific pathogen-free male
C57BL/6 mice, aged 5 weeks, were purchased
from Nanjing University Nanjing Biomedical
Research Institute. The animal experiment in this
study was approved by Animal Experimentation
Fig. 1 Establishment of AR model and symptom scores of three group
injection of OVA and aluminum hydroxide, followed by intranasal chal
day from day 28 to day 42, the mice in the AR group and the AR-trea
respectively. The mice in the control group were injected with saline i.p
day 43. (B) The mice were observed for 10 min after OVA challenge, a
group vs Control group: ****P < 0.0001. AR-treated group vs AR grou
Ethics Committee. The 30 mice were randomly
divided into 3 groups (n ¼ 10 for each): control
group, AR group, AR-treated group. The estab-
lishment of the AR model and the time of treat-
ments are described below (Fig. 1A). In brief, each
mouse in the AR group and AR-treated group was
intraperitoneally (i.p.) injected with 0.2 mL sus-
pension of OVA (0.125 mg/mL) and aluminum
hydroxide (5 mg/mL) on day 0, 7, and 14. From
day 21 to 27, AR group and AR-treated group were
intranasally (i.n.) administrated with 20 mL OVA
suspension (25 mg/mL). On day 27, the symptoms
of each mouse were scored in 10 min after nasal
s of mice. (A) On day 0, 7, and 14, the mice were sensitized by i.p.
lenge with OVA once a day from day 21 to day 27. On every other
ted group were treated with saline and ipratropium bromide
. or i.n. according to the same schedule. All mice were sacrificed on
nd the nasal symptom scores of three groups were calculated. AR
p: ####P < 0.0001. All data represent the mean � SEM, n ¼ 10
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challenge, and the scores higher than 5 indicated
that the models were successfully established
(Table 1).14 From day 28 to day 42, the AR group
was i.n. stimulated with 20 mL OVA suspension
(25 mg/mL) every other day. 20 mL ipratropium
bromide solution (3 mg/mL) was instilled into the
nasal cavity 15 min before the nasal challenge in
the AR-treated group. The control group mice
received saline i.p. or i.n. on the same schedule.
Mice were sacrificed 24 h after the last stimulation,
and the symptom scores and blood collection
were completed before execution.

ELISA

The expression of mouse OVA specific IgE, IL4,
IL5, and IL13 were tested by employing an ELISA
method. Briefly, 0.5 mL sample blood was
collected from eye socket of each mouse. The
blood was centrifuged at 4 �C and 1000 g for
10 min. The supernatant and pre-prepared stan-
dard solution were added into well plate. The
immunosorbant assay was performed at 37 �C for
40 min. The absorbance value at 450 nm was
measured by an enzyme labeling instrument. The
concentration of mouse OVA specific IgE, IL4, IL5,
and IL13 was calculated according to the standard
curve.

Immunofluorescence staining

Five mice from each group were randomly
selected for immunofluorescence double staining
to detect the number of ILC2s. The nasal mucosa
wrapped by nasal bone was fixed in 4% neutral
buffered formalin, then decalcified in EDTA solu-
tion. Three-micrometer slices were obtained and
dewaxed in xylene, followed by ethanol gradient
dehydration and washed in phosphate buffer
Score
N

Number of sneezes
per 20 min

0 None

1 1–3

2 4–10

3 �11

Table 1. Nasal symptom scoring in the AR mouse model
solution (PBS). CD90 (Thy1) and ST2 antibodies
(Abcam, Cambridge, UK) were employed to stain
the aimed protein according to the manufacturer
protocol. Photo capture was performed
using upright fluorescence microscope (Zeiss,
Germany).

Quantitative real-time PCR (qPCR)

The nasal mucosa of other 5 mice in each group
were used to detect the expression level of ILC2s
associated factors by qPCR according to the
manufacturer protocol. Total RNA from mouse
nasal mucosa tissue was extracted and reverse
transcription reaction was performed. As shown in
Table 2, the CD25, CD90 (Thy1), GATA3, and
GAPDH internal reference primer sequences
were designed. Quantitative real-time PCR was
performed using SYBR green on real-time PCR
system. The relative value of miRNA levels was
calculated by 2�DDCt method.15

Statistical analysis

All the experimental data were analyzed by
GraphpadPrism9 statistical software. Pairwise
comparison was carried out by two-sample t-test,
and one-way ANOVA was used in three groups.
When 2 variables existed, two-way ANOVA anal-
ysis was performed, followed by Tukey’s multiple
comparison test. When P < 0.05, the difference
was considered to be statistically significant.
RESULTS

Evaluation of AR symptom scores in C57BL/6
mice

AR symptoms were scored according to the
frequency of sneezing and wiping the nose and
asal symptoms

Nasal mucus Number of nasal
rubbing per minute

None None

Nostril 1–2

Outflow nostril 3–5

Flow to face �6
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Prime
Sequence (50-30)

Forward Reverse

CD25 50-AGTTGTTTCTGTGGGTTG-30 50-CTGGCTAGTGAGGAATCTC-30

CD90 50-GGGCTCCTGTTTCTCCTT-30 50-TAGCCAACTTCACCACCA-30

GATA3 50-CCCATTAGCGTTCCTCCT-30 50-CCCTTATCAAGCCCAAGC-30

GAPDH 50-AGGTCGGTGTGAACGGATTTG-30 50-TGTAGACCATGTAGTTGAGGTCA-30

Table 2. The prime sequence of real time fluorescent quantitative PCR

Volume 14, No. 9, Month 2021 5
the degree of runny nose (Table 1). Compared
with the control group, the AR group scored
significantly higher at day 1, 3, 5, 7, 9, 11, 13, 15
(****P < 0.0001), which was considered to
successfully establish the AR model. Compared
Fig. 2 The expression levels of cytokines in mouse serum by ELISA. (A)
expression level of IL-4 in mouse serum. (C) The expression level of IL-5
All data represent the mean � SEM, n ¼ 6. **P < 0.01, ***P < 0.001, *
with the AR group, scores of the AR-treated
group were significantly decreased after ipra-
tropium bromide treatment, and significant differ-
ences occur at day 5, 7, 9, 11, 13, 15
(####P < 0.0001) (Fig. 1B).
The expression level of OVA specific IgE in mouse serum. (B) The
in mouse serum. (D) The expression level of IL-13 in mouse serum.
***P < 0.0001



Fig. 3 Observation of ILC2s in nasal mucosa of mice by immunofluorescence double staining test. (A) Representative immunofluorescence
double stained sections of nasal mucosa from each group (�400). (B) Analysis of the relative number of double positive cells. The data are
presented as the mean � SEM, n ¼ 5. Control group vs AR group: ***P < 0.001. AR group vs AR-treated group: **P < 0.01
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Detection of cytokines expression levels in mice
serum by ELISA

ELISA was used to detect the protein expression
levels of IL-4, IL-5, IL-13, and mouse OVA specific
IgE in mouse serum (Fig. 2). Compared with the
control group, the serum levels of IL-4, IL-5, IL-13
and specific IgE of the AR group were signifi-
cantly increased, and the difference was statisti-
cally significant. Compared with the AR group, the
serum levels of IL-4, IL-5, IL-13, and specific IgE of
the AR-treated group were significantly decreased,
and the difference was statistically significant.

Detection of the number of ILC2s in nasal mucosa
tissues of mice by immunofluorescence double
staining test

Double immunofluorescence staining for CD90
(Thy1) and ST2 showed that the number of double
positive cells in the AR group was significantly
higher than that in the control group. In contrast,
Fig. 4 The expression levels of mRNA in mice nasal mucosa by quanti
mucosa. (B) The expression level of CD90 (Thy1) in nasal mucosa. (C) Th
mean � SEM, n ¼ 5. *P < 0.05, **P < 0.01, ***P < 0.001
the immunoreactivity of CD90 (Thy1) and ST2 was
greatly attenuated after the treatment of ipra-
tropium bromide (Fig. 3A). We calculated the
relative number of double positive cells, the
difference was statistically significant (Fig. 3B).
Detection of mRNA expression levels of ILC2s
associated factors in mice nasal mucosa

The mRNA expression levels of CD25, CD90
(Thy1), GATA3 in mice nasal mucosa were detec-
ted by quantitative real-time PCR. Compared with
the mice in control group, the expression of CD25,
CD90 (Thy1), GATA3 in the nasal mucosa of the
mice in AR group was significantly increased in
mRNA level, and the difference was statistically
significant. Compared with the mice in AR group,
the expression of CD25, CD90 (Thy1), GATA3 in
the nasal mucosa of the mice in AR-treated group
was significantly decreased in mRNA level, and the
difference was statistically significant (Fig. 4).
tative real-time PCR. (A) The expression level of CD25 in nasal
e expression level of GATA3 in nasal mucosa. All data represent the
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DISCUSSION

AR is one of the most common diseases in
otorhinolaryngology, head and neck surgery. But
its pathogenesis remains to be clarified, and the
clinical symptoms of some patients can not be
effectively relieved. Therefore, there is an urgent
need to further study the mechanism of AR. In
recent years, the study of ILC2s, innate lympho-
cytes that can participate in adaptive immunity,
provides a new research scope for the pathogen-
esis of AR. ILC2s were first discovered in 2001, Fort
et al16 stimulated T and B cell deficient mice with
IL-25, and it was found that Th2 cytokines such as
IL-4, IL-5 and IL-13 were still produced in mice,
indicating that there were innate immune cells in
mice participating in Th2 immune response. In
2010, 3 research groups17–19 described this type
of cells that produced Th2 cytokines respectively,
and reached a consensus and named them
ILC2s. Airway epithelial cells release cytokines
such as IL-25, IL-33, and TSLP to activate ILC2s.
ILC2s synthesize and secrete Th2 cytokines (IL-4,
IL-5, IL-9, and IL-13), which promote eosinophils
and mast cells to participate in allergic reactions.20

ILC2s can express CD90 (Thy1), CD127 (IL7Ra),
KLRG1, ICOS, ST2 (IL33R), and CD25 (IL-2Ra).
Their expression levels vary among tissues, but
show quite characteristic signatures of
transcriptome in comparison with that in ILC1
and ILC3.21,22 Allergens such as ovalbumin and
dust mites were used to sensitize and stimulate
BALB/c mice to establish respiratory allergic
inflammation mainly caused by Th2 mediated
eosinophilic infiltration.23–26 BALB/c mice
immune responses tend to be Th2 response and
are widely used for AR mice model.27 However,
C57BL/6 mice can be used as ILC2s mediated
allergic inflammation, which reduce the influence
of Th2 type adaptive immunity and better reflect
the important role of innate immunity in
respiratory allergic inflammation.28

Although AR is an immune disease, neuro-
regulation plays a very important role in occur-
rence and development of AR. In recent years,
some research groups proposed that nerve cells
and immune cells can interfered with each other in
specific anatomical sites to form a neuroimmune
cell unit (NICU) to play a regulatory role.29 In 2013,
the Locksley30 team reported that biorhythm and
diet could regulate the secretion of vasoactive
intestinal peptide (VIP). VIP can bind to VIP
receptor 2 (VPAC2) on the surface of ILC2s, thus
promoting ILC2s to secrete IL-5, which can recruit
eosinophils, participate in infection and immune
response, and sensory neurons can secrete vaso-
active intestinal peptide under IL-5 stimulation.
This forms a positive feedback loop in allergic
diseases.31 In 2017, 3 research groups32–34

simultaneously proposed that neuropeptide
neuromedin U (NMU) produced by cholinergic
neurons were with the ability to activate mouse
ILC2s in C57BL/6 mice. ILC2s can express NMU
receptor Nmur1 in mouse lungs and small
intestine, but not in other lymphocytes and
myeloid cells.

However, few studies on whether para-
sympathetic inhibition affects the expression of
ILC2s in AR mice. In this study, we established a
C57BL/6 mouse model of AR and treated the
mice with parasympathetic inhibitor ipratropium
bromide to explore whether parasympathetic in-
hibition affects the expression of ILC2s in nasal
mucosa of AR mice. The ILC2s were defined as
Lin-ST2þCD45þCD127þKLRG1þThy-1þ cells.15

CD90 (Thy1) and ST2 are important cell surface
markers related to ILC2s. CD90 (Thy1) and ST2
immunofluorescence double staining detected
the number of ILC2s in nasal mucosa tissue.35

The results showed that the number of ILC2s in
nasal mucosa of ipratropium bromide group
was significantly lower than that of AR group,
indicating that parasympathetic nerve inhibition
could reduce the number of ILC2s in nasal
mucosa of AR mice. GATA3 is a very important
transcription factor in the differentiation and
development of ILC2s. It can inhibit the
differentiation of common lymphoid progenitor
cells into B cells, thus promoting the
differentiation of T and ILC cells.36–38 GATA3
can regulate the expression of many key genes
in ILC2s, and the lack of GATA3 will lead to the
inability of ILC2s to secrete IL-5 and IL-13.39,40

CD25 and CD90 (Thy1) are receptors expressed
on the surface of ILC2s after maturation, and
they are the surface markers of ILC2s. Though
GATA3, CD25 or CD90 (Thy1) in nasal mucosa
is not limited to ILC2s, these factors belong to

https://doi.org/10.1016/j.waojou.2021.100582
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ILC2s related factors. So we detected these
factors to observe the function of ILC2s and the
immunity of AR mice to some extent. In this
study, it was found that the gene expression
levels of GATA3, CD25 and CD90 (Thy1) in AR-
treated group were lower than those in the AR
group. ILC2s produce and secrete Th2 cytokines
IL-4, IL-5 and IL-13, which play a very important
role in AR. Among the 3 cytokines, IL-4 can pro-
mote the synthesis and release of IgE. IL-5 is very
important for eosinophil homeostasis and B cell
function. IL-13 can promote the secretion of mu-
cous cells and cause goblet cell proliferation. In
this study, the expression levels of specific IgE, IL-
4, IL-5, and IL-13 in serum of mice in each group
were detected by ELISA. The results showed that
ipratropium bromide could significantly reduce
the expression levels of specific IgE, IL-4, IL-5, and
IL-13 in serum of AR model mice. The expression
of IL-4, IL-5, and IL-13, in some degree, indicated
that parasympathetic inhibition could inhibit the
function of ILC2s and these cytokines expression
also indicated that parasympathetic inhibition
could inhibit immune response of mice with AR.
In addition, we also found that ipratropium bro-
mide, a parasympathetic inhibitor, could signifi-
cantly improve the symptoms of AR in AR model
mice, which was consistent with findings from
Li.10

To sum up, our experimental study confirmed
that ILC2s play an important role in the occur-
rence and development of AR. Ipratropium bro-
mide, an inhibitor of parasympathetic nerve,
relieved the symptoms of AR, inhibited the num-
ber and function of ILC2s and immunity of mice
with AR, which provided a new therapeutic basis
for the treatment of AR by parasympathetic inhi-
bition, but the specific mechanism of para-
sympathetic inhibition on ILC2s still needs to be
further explored.
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