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Abstract

Increased expression of substance P (SP) and neurokinin-1 receptor (NK1R) has been noticed in patients with allergic rhinitis (AR) and allergic
asthma (AA). However, little is known of the expression of SP and NK1R in monocytes and B cells of AR and AA. In the present study, the ex-
pression levels of SP and NK1R were determined by flow cytometry and mouse AR and AA models. The results showed that both percentages
of SP* monocytes and SP* B cells, and mean fluorescence intensity (MFI) of SP in monocytes were elevated in the blood of AA and AR com-
bined with AA (ARA) patients. Similarly, the percentages of NK1R* monocytes were elevated in the blood of AR, AA, and ARA patients. Allergens
Artemisia sieversiana wild allergen extract (ASWE), house dust mite extract (HDME), and Platanus pollen allergen extract (PPE) increased the
expression density of SP molecules (determined by MFI) in an individual monocyte of AR patients. HDME and PPE appeared to enhance SP and
NK1R expression in the B cells of ARA and AR patients. In the mouse AR and AA models, the percentages of NK1R* monocytes and B cells
were elevated in blood following OVA (ovalbumin) sensitization and challenge. Knocking out the FceRI molecule completely abolished the OVA-
induced upregulation of expression of NK1R in monocytes and B cells of AA mice. In conclusion, upregulated expressions of SP and NK1R may
contribute to the pathogenesis of airway allergy.

Keywords: substance P, NK1R, monocyte, B cell, allergic rhinitis, allergic asthma

Abbreviations: AA: allergic asthma; AR: allergic rhinitis; ASWE: Allergens Artemisia sieversiana wild allergen extract; HC: healthy control; HDME: house dust
mite extract; IgE: immunoglobulin E; KO: knockout; MFI: mean fluorescence intensity; NK1R: neurokinin-1 receptor; OVA: ovalbumin; PPE: Platanus pollen
allergen extract; SP: substance P; WT: wild type.

Introduction the number of B cells is significantly higher in patients with
allergic disease than in nonallergic controls [10], and that
B cells are key players in AR [3] and AA [11] as they can
produce allergen-specific IgE.

While allergic rhinitis (AR) is considered as an immuno-
globulin (Ig) E-mediated inflammation of the upper airway
[1], allergic asthma (AA) is recognized as an IgE-mediated in-

flammation of the lower airway [1]. AR combined AA (ARA) Sgb_stance P (SP) belongs to.tf.le family of Fachykinin, which
is characterized, nowadays, as a single disease related to upper exhibits specific neuronal activity and pro-inflammatory ac-

and lower airway inflammation [2]. It is noticed that infiltra- tiVi_ty [12,]' Itis produc.eql by lymphocytes, macropl.lages. (131,
tion of inflammatory cells, particularly Th2 cells, eosinophils, ,eosm()phlls’ and dendr.mc cells [14]’ and hgs been }mpllcated
and basophils, into nasal [3] and lung mucosal tissues [4] may in the pathogenesis of inflammation [15]. Since SP is reported

specifically contribute to the pathophysiology of AR [5], AA  to be associated with AR [12] and AA [14], and monocytes
[6], and ARA [7]. However, little is known about the involve- can produce SP [16], we anticipate that SP expressing mono-

ment of SP/NK 1 R-expressing monocytes and B cells. cytes may .bf.i involved in the pathogenesis Qf AR and AA.

It was reported that monocytes have a central role in Neurol.qnm-l receptor (,NKlR) is a major receptor of SP
orchestrating local allergic inflammation [8]. And as a key [17], which expresses in 1nﬂarpmgt0ry cells, such as mast
immune cell in the bloodstream, monocytes have been used cell§ and macrop hages [18]. Actlvgtlon of NKIR can mediate
to characterize the severity of inflammation such as AR [9]. SP-1nduced migration of basophils [19] and consequently
Moreover, monocytes comprise the largest population of cells ampl{fy the pro-inflammatory resp onse. [13]. .Enhanc.ed ex
within the airways of patients with AA [10]. It is found that ~ Pression of NKIR has been observed in patients with AR
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[20], and NK1R-mediated neurogenic inflammation may be
involved in AA [21]. Since SP/NK1R complex has been rec-
ognized as an integral part of the microenvironment of in-
flammation and is involved in the molecular bases of many

Table 1: Characteristics of subjects
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human pathologies [22], it is likely that SP/NK1R-expressing
monocytes and B cells are related to AR and AA.

It has been observed that the number of monocytes in
nasal mucosa increases after continuous allergen stimulation,

Population HC (n=17) AR (n =25) AA (n=26) ARA (n=19)
Age (years) 26 (21-35) 33 (17-60) 40 (23-60) 35 (11-56)
Female/Male 512 14/11 917 9/10
Onset age (years) na 28 (4-46) 40 (3-53) 35 (8-48)
History (years) na 5 (1-30) 6 (0.5-30) 5.5 (2-35)
Artemisia (+) 0 12 11 9
House dust mite (+) 0 10 7 7
Platanu (+) 0 9 8 S
Median values (range) are shown. Specific allergens were examined by skin prick test.
HC: healthy control, AR: allergic rhinitis, AA: allergic asthma, ARA: AR combined with AA.
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Figure 1: Flow cytometry analysis of the expressions of SP and NK1R in human peripheral blood monocytes and B cells from allergic rhinitis (AR),
allergic asthma (AA), AR combined with AA (ARA), and healthy control (HC) subjects. (A) and (B) were the representative graphs of the gating strategies

of SP*and NK1R* monocytes and B cells, respectively.
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accompanied by the recruitment of Th2 cells and eosinophils
in patients with AR [8]. Since allergens are the causative fac-
tors of allergic disease, and house dust mite (HDM) major
allergens evoke upregulation of pulmonary SP, inflammation,
and mucus hypersecretion [23], we examined the effect of al-
lergens on the expressions of SP and NK1R on monocytes
and B cells in the present study.

11

Immunoglobulin E (IgE) is recognized as the most im-
portant biological target for AR and AA treatment [24]. The
interaction of FceRI (high-affinity receptor of IgE)-bound IgE
antibody with the allergen is an essential step for mast cell/
basophilic activation and subsequent release of allergic me-
diators [25]. To further investigate the role of FceRI in al-
lergic airway disease, we examined the difference in NK1R
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Figure 2: Flow cytometry analysis of expressions of SP and NK1R in human peripheral blood monocyte (CD14* cells). (A) and (B) represented the
percentages of SP* and NK1R* monocytes in the patients with allergic rhinitis (AR), allergic asthma (AA), AR combined with AA (ARA), and healthy
control (HC) subjects, respectively. (Ca) and (Cb) showed representative flow cytometric figures of mean fluorescent intensity (MFI) of SP and NK1R
expressions in the monocytes of AR, AA, ARA, and HC subjects. (D) and (E) represented the MFI of SP and NK1R in the monocytes of AR, AA, ARA,
and HC subjects. Cells were stimulated with or without house dust mite extract (HDME), Artemisia sieversiana wild allergen extract (ASWE), or
Platanus pollen allergen extract (PPE), all at the concentrations of 0.1 and 1 pg/ml for 1 h at 37°C. Each symbol represents the value of one subject. The
median value is indicated by a horizontal line. P < 0.05 was taken as statistically significant. FMO: fluorescence minus one.
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expression on monocytes and B cells of wild-type (WT) and
FceRI knockout (KO) mice.

The aim of the present study is to investigate the expres-
sion of SP and NK1R in monocytes and B cells of the patients
with AR, AA, and ARA, and the influence of allergens on SP
and NK1R expression. We observed that the expression of
SP and NK1R in monocytes and B cells was increased in the
blood.

Materials and methods

Reagents

The following reagents were purchased from Biolegend (San
Diego, CA, USA): Human TruStain FcX™ (Fc Receptor
Blocking Solution), Zombie Aqua™ Fixable Viability kit,
PE/Cy7-conjugated mouse anti-human CD14 antibody,
APC/Cy7-conjugated mouse anti-human CD19 antibody,
RBC Lysis Buffer, Zombie NIR™ Fixable Viability Kkit,
TruStain FcX™ (anti-mouse CD16/32), Brilliant Violet
(BV) 421-conjugated rat anti-mouse CD11b antibody, BV
510 rat anti-mouse Ly-6G/Ly-6C (Gr-1) antibody, APC-
conjugated rat anti-mouse CD19 antibody. BD Cytofix/
Cytoperm™  Fixation/Permeabilization Solution kit was
purchased from BD Pharmingen (San Jose, CA, USA).

Han et al.

FITC-conjugated mouse anti-human SP antibody was pur-
chased from Lifespan (Rochester, NY, USA), and its isotype
control antibody FITC-conjugated mouse IgG was obtained
from eBioscience (San Diego, CA, USA). APC-conjugated
mouse anti-human NKI1R and APC-conjugated mouse
IgG3 isotype control antibodies were purchased from R&D
Systems (Minneapolis, MN, USA). PE-conjugated rabbit
anti-mouse NK1R antibody and its isotype control anti-
body PE-conjugated rabbit IgG were obtained from Novus
(Colorado, USA). Artemisia sieversiana wild allergen ex-
tract (ASWE), house dust mite extract (HDME), or Platanus
pollen allergen extract (PPE) were obtained from Macro
Union Pharmaceutical Co. Ltd (Beijing, China). Most of the
general chemicals, such as salts and buffer components were
of analytical grade.

Patients and samples

A total of 25 AR, 26 AA, 19 ARA, and 17 HC (healthy con-
trol) subjects were recruited for the study. Their general
characteristics were summarized in Table 1. The diagnosing
criteria for AR in this experiment were in line with the 2015
AR Clinical Practice Guidelines issued by the American
Academy of Otorhinolaryngology-Head and Neck Surgery
[26]; the diagnosing criteria of AA conformed to the Global
Initiative for Asthma [27]. Samples were obtained at the First
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Figure 2: Continued
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Affiliated Hospital of Jinzhou Medical University, China.
The informed consent from each volunteer, according to the
declaration of Helsinki and agreement with the ethical com-
mittee of the First Affiliated Hospital of Jinzhou Medical
University, has been obtained. The blood from each patient
with AR, AA, ARA, and HC subjects was taken in outpatient
clinics. From each subject, 10 ml of peripheral blood was
taken into an EDTA-containing tube before centrifugation
at 450g for 10 min. The cells were used for flow cytometric
analysis and plasma was stored at -80°C until use.
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Animals

BALB/c mice (6—-8 weeks) were obtained from the Vital River
Laboratory Animal Technology Co. Ltd (Beijing, China).
C57-WT mice and C57-FceRI-KO mice (6-8 weeks) were
obtained from GemPharmatech Co. Ltd (Jiangsu, China).
The animals were bred and reared under strict ethical con-
ditions according to international recommendations. They
were housed in the Animal Experimental Center of the First
Affiliated Hospital of Jinzhou Medical University in a spe-
cific pathogen-free environment with free access to standard
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Figure 3: Flow cytometry analysis of expressions of SP and NK1R in human peripheral blood B cells (CD19* cells). (A) and (B) represented the
percentages of SP* and NK1R* B cells in the patients with allergic rhinitis (AR), allergic asthma (AA), AR combined with AA (ARA), and healthy control
(HC) subjects, respectively. (Ca) and (Cb) showed representative flow cytometric figures of mean fluorescent intensity (MFI) of SP and NK1R in the B
cells of AR, AA, ARA, and HC subjects. (D) and (E) represented the MFI of SP and NK1R in the B cells of AR, AA, ARA, and HC subjects. Cells were
stimulated with or without house dust mite extract (HDME), Artemisia sieversiana wild allergen extract (ASWE), or Platanus pollen allergen extract
(PPE), all at the concentrations of 0.1 and 1 pg/ml for 1 h at 37°C. Each symbol represents the value of one subject. The median value is indicated by a
horizontal line. P < 0.05 was taken as statistically significant. FMO: fluorescence minus one.
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rodent chow and water at a constant temperature of 23-28°C
and relative humidity of 60-75%. The animal experiment
procedures were approved by the Animal Care Committee at
Jinzhou Medical University.

Mouse sensitization and challenge

The OVA (ovalbumin)-induced mouse AR model was mainly
adopted from a previous study by [28]. Briefly, OVA-sensitized
and OVA-challenged (OVA-OVA) and OVA-sensitized and
normal saline (NS) challenged (OVA-NS) mice were sensitized
on days 0, 7, 14, and 21 with a subcutaneous multipoint in-
jection of 50 pg of OVA and 1.5 mg of AL(OH)3 suspended
in NS to a total volume of 0.5 ml. NS sensitized and NS chal-
lenged (NS-NS) mice received only an equal volume (0.5 ml)
of NS on the same days. On day 28, OVA-OVA mice were
challenged with nasal drops of either 20 pl of 1% OVA for
7 days, and OVA-NS mice and NS-NS mice were challenged
with 20 pl of NS for 7 days, 10 pl on each side of the nasal
cavity. On the last day, 3 h after the nasal drip was completed,
the animals were sacrificed, and their blood was collected for
analysis.

The OVA-induced mouse AA model was mainly adopted
from a previous study [29]. Brieflyy, OVA-OVA mice and
OVA-NS mice were sensitized on days 0 and 7 with intra-
peritoneal injection of 10 pg of OVA and 1 mg of AL(OH)3
suspended in NS to a total volume of 0.5 ml. NS-NS mice

Han et al.

received only an equal volume (0.5 ml) of NS on the same
days. On days 14-21, OVA-OVA mice were exposed daily
to aerosolized 10 mg/ml of OVA over a 30-min period, and
OVA-NS mice and NS-NS mice were exposed daily to NS over
a 30-min period. On the last day, 24 h after aerosol inhalation
was completed, animals were sacrificed and their blood was
collected for analysis.

Flow cytometric analysis of SP and NK1R
expression in peripheral blood monocytes and B
cells

The procedure for detecting the expression of SP and NK1R
in human blood monocytes and B cells was performed as
described previously [30]. Briefly, the cells were stimulated
with or without ASWE, HDME, and PPE (all at a concentra-
tion of 0.1 and 1.0 pg/ml) for 1 h at 37°C, respectively, and 2
pg/ml of brefeldin A was added to the tube at the same time.
To detect SP and NK1R expression in human blood mono-
cytes (CD14+ cells) and B cells (CD19* cells), the following
antibodies were added to the test tubes: PE/Cy7-conjugated
mouse anti-human CD14 and APC/Cy7-conjugated mouse
anti-human CD19, before 100 pl of whole blood was added
at room temperature for 15 min in the dark. Following the
ligation of red blood cells, the white blood cells were fixed
and permeabilized using Cytofix/Cytoperm™ Fixation/
Permeabilization Kit according to the instructions from the
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Figure 3: Continued
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manufacturer. APC-conjugated mouse anti-human NK1R
antibody and FITC-conjugated mouse anti-human SP anti-
body were then added to the test tube, and APC-conjugated
mouse IgG3 and FITC-conjugated rabbit IgG were used as
isotype controls. The cells were incubated at 4°C for 30 min
in the dark. Following washing with BD washing buffer, the
cell pellets were resuspended in fluorescence-activated cell
sorting (FACS)-flow solution and analyzed with FACS Verse
flow cytometer (BD Biosciences, San Jose, CA). A total of
10 000 events were analyzed per population for each sample.

To detect SP and NK1R expression in mouse blood mono-
cytes and B cells, BV421-conjugated rat anti-mouse CD11b
antibody, BV 510™ anti-mouse Ly-6G/Ly-6C (Gr-1) antibody,

45

and APC anti-mouse CD19 antibody were added to the test
tubes before 100 pl of whole blood was added at room tem-
perature for 15 min in the dark. Following the ligation of red
blood cells, the white blood cells were fixed and permeabil-
ized using Cytofix/Cytoperm kit according to the instructions
from the manufacturer. PE-conjugated anti-mouse NK1R
antibodies were then added to each tube for 30 min at 4°C. A
total of 50 000 events were analyzed for each sample.

Statistical analysis

Statistical analyses were performed using SPSS version 13.0
software (SPSS, Inc., Chicago, IL, USA). Data for the expres-
sion of SP and NK1R in monocytes and B cells of patients
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Figure 4: Flow cytometry analysis of the expression of NK1R on mouse monocytes and B cells. Monocytes were represented as CD11b*Ly-6C/G* cells.
B cells were represented as CD19* cells. Mice were randomly selected into OVA-sensitized and OVA-challenged group (OVA + OVA), OVA-sensitized
and normal saline (NS) challenged group (OVA + NS), and NS control group (NS + NS). (A) and (B) showed the gating strategies of monocytes and B
cells in the blood of OVA-sensitized and non-sensitized mice, respectively. In both (A) and (B), (a) represented gating strategies of monocytes and B
cells, while (b) and (c) represented the allergic rhinitis (AR) and allergic asthma (AA) models, respectively. (C) and (D) demonstrated changes in the
percentages of NK1R* monocytes of normal saline (NS) and OVA-sensitized AR and AA mice. (E) and (F) illustrated changes in the percentages of
NK1R* B cells of NS and OVA-sensitized AR and AA mice. A total of 7 animals were in each group. P < 0.05 was taken as statistically significant. FMO:

fluorescence minus one.
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with AR, AA, and ARA are presented as scatter plots, in
which a horizontal line indicates the median value. Data for
the expression of NK1R on mouse blood monocytes and
B cells are displayed as boxplots, which show the median,
interquartile range, and the largest and smallest values for
each experiment. The paired Mann—Whitney U test was em-
ployed in cases where the Kruskal-Wallis analysis revealed
significant differences between groups, for the pre-planned
comparisons of interest. For all analyses, P < 0.05 was taken
as significant.

Results

Upregulated expressions of SP and NK1R in
peripheral blood monocytes of patients with AR,
AA, and ARA

Monocytes have been reported to be involved in AR [9], AA
[10], and ARA [31]. However, the expressions of SP and its
major receptor NK1R in these airway allergic diseases have

250K
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not been explored. In order to evaluate the involvement of
SP and NK1R in airway allergic diseases, we investigated the
expression of SP and NK1R in the peripheral blood mono-
cytes of patients with AR, AA, and ARA. The results showed
that the percentages of SP* monocytes were increased by 4.6-
and 5.7-fold in the blood of patients with AA and ARA com-
pared with HC subjects, respectively (Figs 1A, 2A). Similarly,
the percentages of NK1R* monocytes were elevated by 41.1,
24.8, and 31.2% in the blood of patients with AR, AA, and
ARA compared with HC subjects, respectively (Figs 1A, 2B).
Mean fluorescence intensities (MFIs) of SP in monocytes
were elevated by 1.6-fold and 73% in patients with AA and
ARA (Fig. 2Ca and D), and NK1R on monocytes was in-
creased by 15.7% in patients with AA (Fig. 2Cb and E).

Expression of SP and NK1R in peripheral blood B
cells of the patients with AR, AA, and ARA

Close relationships between B cells and airway allergic
diseases have long been recognized [10]. However, little is
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known about the expressions of SP and NK1R in B cells
under allergic conditions. In order to further understand the
involvement of SP and NK1R in airway allergic diseases, we
investigated the expression of SP and NK1R in the periph-
eral blood B cells of patients with AR, AA, and ARA. The
results showed that the percentages of SP* B cells were in-
creased by 36.2- and 1.2-fold in the blood of patients with
AA and ARA compared with HC subjects (Figs 1B, 3A). The
NKI1R* B cells were elevated by 4.3-fold in patients with
ARA (Figs 1B, 3B).

Although MFI of SP in B cells increased by 45.1% (Fig.
3Ca and D), MFI of NK1R on B cells decreased by 10.3% in
the blood of patients with AA (Fig. 3Cb and E).

Induction of altered expression of SP and NK1R in
peripheral blood of patients with AR, AA, and ARA
by allergens

In order to examine the influence of allergens on the expres-
sion of SP and NK1R in monocytes and B cells of airway al-
lergic diseases, we investigated the effects of ASWE, HDME,
and PPE allergens on SP and NK1R expression in the mono-
cytes and B cells of patients with AR, AA, and ARA. The re-
sults showed that the allergens of ASWE, HDME, and PPE at
the concentrations tested had little influence on the propor-
tions of SP* and NK1R* monocytes from the patients with
AR, AA, ARA, and HC subjects (Fig. 2). PPE at the concentra-
tions of 0.1 and 1.0 pg/ml induced 46.3 and 52.5% increases
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in the proportion of SP* B cells in the patients with ARA (Fig.
3A). HDME and PPE, both at the concentrations of 0.1 and
1.0 pg/ml, provoked 98.9 and 90.5%, and 40.1- and 1.3-fold
greater proportions of NK1R* B cells in the blood of patients
with ARA (Fig. 3B).

In terms of MFI, ASWE at 1.0 pg/ml enhanced the ex-
pression of SP in monocytes by 27.8% in patients with AR.
HDME at 0.1 and 1.0 pg/ml upregulated the expression of SP
by 26.5 and 41.5%, and PPE at 0.1 and 1.0 pg/ml increased
the expression of SP by 23.8 and 34.5% in the monocytes of
patients with AR, respectively (Fig. 2D). HDME at 0.1 pg/ml
also enhanced the expression of SP in monocytes by 65.7%
in patients with AA (Fig. 2D). PPE at 0.1 and 1.0 pg/ml in-
creased the expression of NK1R on monocytes by 34.4% in
patients with ARA (Fig. 2E). Furthermore, HDME and PPE
elevated the expression of SP in the B cells of AR patients,
while HDME and ASWE augmented the expression of SP in
the B cells of AA patients. Meanwhile, HDME and PPE at 0.1
pg/ml elevated the expression of SP by 75.6- and 1.7-fold in
the B cells of patients with ARA, respectively (Fig. 3D).

Altered expressions of NK1R on blood monocytes
and B cells in OVA-sensitized AR and AA mice

To further understand the expression of NK1R on monocytes
and B cells in allergic conditions, we investigated the expres-
sion of NK1R on the monocytes and B cells of OVA-sensitized
AR and AA mice by flow cytometry analysis.

D
« 304
D
% _
S 251
=
g
L 201
&
4
ZIS—
s
o 104
o0
]
g 5 L
5
& 0+
L &
z z =
» % e
z Z I
=] >
=)
*
F %
6 o
=
3 5
[=-]
+
o
z
< 3
S
D
ER
g
=
-9
0
T T T
[22] 2] <
2 £ 3
17,) <« ¥
4 >
3 £
=}



48
A
a
—— OVA+OVA
OVA+NS
—— NS+NS
e vy —— FMO
-103 0 103 104 103
Alexa Fluor488-NK1R
B a
—OVA+OVA
OVA+NS
4 ——NS+NS
et ST T — —— FMO
-103 0 103 10¢ 105
Alexa Fluor488-NK1R
C g
S
9
=]
S 1000
£
=
=]
=
=]
2 800
2
(="
]
& 600
X
4
O
=}
£ 400
=

T T T
NS+NS OVA+NS OVA+OVA

E %
= 6000
<
: =
5 5000
=
£
£ 40007
[="
5 |
o 3000
2
Z 2000
=]
2 000 =

T I I
NS+NS OVA+NS OVA+OVA

Han et al.

b
—— OVA+OVA
OVA+NS
—— NS+NS
—— e —— FMO
2103 0 103 104 105
Alexa Fluor488-NK1R
b
AN —— OVA+OVA
/\~~~— OVA+NS
——NS+NS
st —— FMIO
4103 0 10 104 105
Alexa Fluor488-NK1R
&
g 900
=]
=
=]
g 800
5
= 7007
S
172]
W T DS
Q -
500
2 a0
Z 400
Z -
= 300 | | |
E NS+NS OVA+NS OVA+OVA

1
*
= 5000
]
M
g
= 4000
S
s
2 3000
)
~
g
Z 2000 %
et
=}
=) ==
= 1000

T T T
NS+NS OVA+NS OVA+OVA

Figure 5: Mean fluorescence intensity (MFI) of NK1R expression on mouse monocytes and B cells. (A) and (B) showed the representative figures

of MFI of NK1R expression on mouse monocytes and B cells, in which (a) and (b) represented the allergic rhinitis (AR) and the allergic asthma (AA)
models, respectively. (C) and (D) demonstrated changes in MFI of NK1R on monocytes of normal saline (NS) and OVA-sensitized AR and AA mice. (E)
and (F) illustrated changes in MFI of NK1R on B cells of NS and OVA-sensitized AR and AA mice. A total of 7 animals were in each group. P < 0.05 was

taken as statistically significant.
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Figure 6: Expressions of NK1R in monocytes and B cells in the blood of wild-type (WT) and FceRI knockout (KO) AA mice. (A) and (C) showed
representative graphs of the gating strategies of NK1R* cells in monocytes and B cells. (B) and (D) demonstrated changes in the percentages of NK1R*
cells in the monocytes and B cells of WT and FceRI KO mice. (E) and (G) showed the representative figures of MFI of NK1R expressions on mouse
monocytes and B cells, respectively. (F) and (H) demonstrated changes in MFI of NK1R expressions on monocytes and B cells of WT and FceRI-KO
mice, respectively. A total of 7 animals were in each group. P < 0.05 was taken as statistically significant. FMO: fluorescence minus one.

In the mouse AR model, the percentages of NK1R* mono-
cytes were elevated in the blood of OVA-OVA mice and
OVA-NS mice compared with NS-NS mice (Fig. 4Ab and C).
The percentages of NK1R* B cells were enhanced in the blood
of OVA-OVA mice compared with OVA-NS mice and NS-NS
mice (Fig. 4Bb and E). MFI of NK1R expression on B cells was
elevated in the blood of OVA-OVA mice of AR and OVA-NS
mice of AR compared with NS-NS mice of AR (Fig. 5Ba and E).

In the mouse AA model, the percentages of NK1R* B cells
were enhanced in the blood of OVA-OVA mice and OVA-NS
mice compared with NS-NS mice (Fig. 4Bc and F). The per-
centage of NK1R* monocytes was also enhanced in the blood
of OVA-OVA mice compared with OVA-NS mice (Fig. 4Ac
and D). MFI of NK1R on B cells was elevated in the blood

of OVA-OVA mice of AA and OVA-NS mice of AA compared
with NS-NS mice of AA (Fig. 5Bb and F).

Expression of NK1R on monocytes and B cells of
WT and FceRI-KO AA mice

To examine the involvement of FceRI in allergen-induced
NKI1R expression on monocytes and B cells in vivo, we
studied the expression of NK1R on monocytes and B cells
of OVA-induced mouse AA model using WT and FceRI-KO
mice. The results showed that OVA-induced enhancements of
the proportions of NK1R* monocytes (Fig. 6A and B) and B
cells (Fig. 6C and D) in WT OVA-OVA mice and WT OVA-NS
mice of AA were dramatically diminished in FceRI-KO mice
following the same treatment.
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Discussion

We clearly demonstrate that the expressions of SP and NK1R
in the monocytes and B cells of patients with AA and ARA
are increased in their peripheral blood, further suggesting that
monocytes and B cells are involved in the pathogenesis of AA
and ARA via a SP-NK1R-related mechanism. Since SP is a
potent pro-inflammatory mediator, it is likely to contribute to
the development of AA and ARA. Therefore, our study may
be important for understanding the mechanism of AA and
ARA. However, it appears that the increase of NK1R* mono-
cytes in the blood has only occurred in some AR patients,
suggesting that AR has quite a different pathophysiological
mechanism from the mechanism of AA and ARA in terms
of expressions of SP and NK1R in monocytes and B cells. A
report that plasma SP level is higher in patients with allergic
airway diseases [19] may help clarify our current observa-
tions.

SP/NK1R complex has been recognized as an integral part
of the microenvironment of inflammation and is involved in
the molecular bases of many human pathologies [22]. For ex-
ample, SP is reported to be associated with AR [12] and AA
[14], monocytes can produce SP [16], enhanced expression
of the NK1R has been observed in patients with AR [20],
NK1R-mediated neurogenic inflammation may be involved in
AA [21], activation of NK1R can mediate SP-induced migra-
tion of basophils [19], the number of B cells is significantly
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higher in patients with allergic disease than in nonallergic
controls [10], and B cells are key players in AR [3] and AA
[11] as they can produce allergen-specific IgE. Taking these
findings and our current observation together, we anticipate
that there must be enhanced SP/NK1R complexes in mono-
cytes and B cells under allergic conditions in the airway,
which are actively involved in the pathogenesis of AA, ARA,
and, possibly, AR.

To the best of our knowledge, the current study is the first
study that explores the effect of allergens on the expression
of SP and NK1R in monocytes and B cells. Although the
allergens of ASWE, HDME, and PPE had little influence
on the proportions of SP* and NK1R* monocytes, ASWE,
HDME, and PPE increased the expression density of SP
molecules, as determined by MFI, in an individual mono-
cyte of patients with AR. While HDME enhanced the ex-
pression of SP in the monocytes of patients with AA, PPE
increased the expression of NK1R in the monocytes of pa-
tients with ARA. These results suggest that allergens can
modulate SP and NK1R expression in monocytes in allergic
airway disorders, particularly AR. HDME and PPE appear
to enhance SP expression in the B cells of patients with
ARA and AR, and NK1R expression in the B cells of the
patients with ARA. HDME and ASWE augment the expres-
sion of SP in the B cells of AA patients. These observations
implicate that aerosol allergens can alter SP and NK1R
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expression in the peripheral blood B cells of patients with
allergic airway diseases. While direct evidence of allergens
affecting the expression of SP and NK1R in monocytes and
B cells is not available, the studies that show HDM [32]
and pollen [33] are the most common allergens for allergic
diseases such as AR and AA, and that the number of mono-
cytes in nasal mucosa increases after continuous allergen
stimulation in patients with AR [8] may help explain our
current observations.

In mouse AR and AA models, the percentages of NK1R*
monocytes and B cells were elevated in blood following
OVA sensitization and challenge, supporting the propos-
ition that allergens can upregulate the expression of NK1R
in monocytes and B cells of AR and AA. Therefore, it seems
likely that monocytes and B cells constitutively express
upregulated SP and NK1R in AA, the expression of SP and
NK1R in AR will only upregulate after allergen induction.
To our surprise, knocking out the FceRI molecule, com-
pletely abolished OVA-induced upregulation of expression
of NK1R in the monocytes and B cells of AA mice, sug-
gesting that the action of OVA in AA mice is dependent
on a FceRI associated mechanism. A report demonstrating
that the development of bronchial hyperresponsiveness was
completely inhibited in OVA-sensitized mice treated with
NK1R antagonist L-732138 [34] may help explain this ob-
servation.

In conclusion, upregulated expressions of SP and NK1R
in monocytes and B cells may play a role in the pathogen-
esis of AA, ARA, and AR. Aerosol allergens can enhance SP
and NK1R expressions in monocytes and B cells, which con-
tribute to the development of these allergic airway disorders.
A FceRI associated mechanism may be involved in the OVA-
induced upregulation of expression of NK1R in the mono-
cytes and B cells of AA mice.
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