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Background: IL-22 is an IL-10-family cytokine that regulates chronic inﬂammation. We investigated the
role of IL-22 and its receptor, IL-22R1, in the pathophysiology of chronic rhinosinusitis with nasal polyps
(CRSwNP).
Methods: IL-22 and IL-22R1 protein and mRNA expression in NP and in uncinate tissues (UT) from CRS
and non-CRS patients was examined using immunohistochemistry and real-time PCR, respectively.
Dispersed NP and UT cells were cultured with the Staphylococcus aureus exotoxins, staphylococcal
enterotoxin B and alpha-toxin, following which exotoxin-induced IL-22 levels and their association with
clinicopathological factors were analyzed. Effects of IL-22 on MUC1 expression and cytokine release in NP
cells were also determined.
Results: IL-22 and IL-22R1 in NP were mainly expressed in inﬁltrating inﬂammatory cells and in epithelial
cells, respectively. IL-22 mRNA levels in NP were signiﬁcantly higher than those in UTs from non-CRS
patients whereas IL-22R1 levels were conversely lower in NPs. NP cells produced substantial amounts
of IL-22 in response to exotoxins. Exotoxin-induced IL-22 production by NP cells signiﬁcantly and
negatively correlated with the degree of local eosinophilia and postoperative computed tomography (CT)
score, whereas conversely it positively correlated with the forced expiratory volume in 1s (FEV1)/forced
vital capacity (FVC) ratio. IL-22 signiﬁcantly enhanced MUC1 mRNA expression in NP cells. IL-22-induced
MUC1 mRNA levels were signiﬁcantly and positively correlated with IL-22R1 mRNA levels in NPs.
Conclusions: These data suggest that imbalance of IL-22/IL-22R1 signaling regulates the pathogenesis of
CRSwNP, including local eosinophilia, via alteration of MUC1 expression.
Copyright © 2016, Japanese Society of Allergology. Production and hosting by Elsevier B.V. This is an open access
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Introduction
Chronic rhinosinusitis with nasal polyps (CRSwNP) is characterized by mucosal inﬂammation and remodeling. The condition is
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often associated with asthma and substantially impairs quality of
life due to longstanding symptoms including nasal congestion,
headache, and loss of smell.1,2 While the precise pathogenesis underlying this disease remains poorly understood, imbalances in
expression of local cytokines including IL-5 and TGF-b appear to be
involved.3
IL-22 is an IL-10-family cytokine produced by a variety of cells
that include not only CD4þ T cells of the Th0, Th17 and Th22 linage
but also innate immune cells such as NK cells and type 3 innate
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lymphoid cells.4,5 IL-22 has versatile effects on airway inﬂammation via binding to the IL-22 receptor, which consists of IL-22R1
and IL-10R2.6 For example, IL-22 promotes the migration of
airway smooth muscle cells and, in skin, IL-22 and TNF-a synergistically promote the production of chemokines including
eotaxin-1 and eotaxin-2 by keratinocytes.7,8 In contrast, IL-22
attenuates IL-25 production by airway epithelial cells and inhibits antigen-induced eosinophilic airway inﬂammation.9 IL-22
also suppresses IFN-g-induced expression of MHC class I, MHC
class II, ICAM-1, RANTES and IP-10 in bronchial epithelial cells
from asthmatic patients.10 Gene delivery of IL-22 suppressed
antigen-induced immune responses and eosinophilic airway
inﬂammation via an IL-10-associated mechanism in a murine
model of asthma.11 In the intestine, IL-22 enhanced the expression
of mucin genes including MUC1, which is known to display a
regulatory role in mucosal immunity.12,13 In addition, recent reports showed a dual role of IL-22 in airway inﬂammation in the
mouse.14,15 Thus, IL-22 is required for the onset of allergic
inﬂammation but functions as a negative regulator of established
allergic inﬂammation.14 The pro-inﬂammatory and tissueprotective roles of IL-22 in bleomycin-induced airway inﬂammation are dependent on the presence or absence of IL-17A,
respectively.15
To date, only a few reports have demonstrated an association
between IL-22 and the severity of CRSwNP.16,17 Ramanathan et al.
reported that local mRNA expression of IL-22R1 but not of IL-22
was signiﬁcantly lower in treatment-recalcitrant CRSwNP
compared to responsive CRSwNP, suggesting that refractoriness of
CRSwNP is associated with decreased expression of mucosal IL22R1.16 Endam et al. showed an association between three single
nucleotide polymorphisms in IL-22R1 and severe CRS.17 However,
it remains unclear how IL-22 regulates the pathogenesis of this
condition.
In the present study, we investigated the local production of IL22 in NP using a recently developed ex vivo system.18 Local
expression of IL-22 and IL-22R1 was compared among various CRS
phenotypes, and the role of IL-22/IL-22R1 signaling in the pathogenesis of CRS is discussed. The present ﬁndings provide novel
insights into the pathogenesis of chronic eosinophilic airway diseases regulated by IL-22, in addition to providing a basis for the
regulatory effect of IL-22 in airways via induction of MUC1
expression.

middle meatus (CRSsNP: n ¼ 13). The diagnosis of CRSsNP and
CRSwNP was deﬁned using the criteria reported in a European
position paper on rhinosinusitis and nasal polyps.19 In order to
eliminate the effect of macrolides and corticosteroids on the
expression of IL-22 and IL-22R1, patients were excluded when they
received systemic corticosteroids for at least eight weeks prior to
surgery or they received pharmacotherapy for rhinosinusitis, such
as macrolide antibiotics or intranasal glucocorticoids for at least
three weeks prior to surgery. Thirty-seven patients were asthmatic
and had NPs. Of these, 16 patients were considered to exhibit
aspirin sensitivity based on their history of asthma attacks
precipitated by non-steroidal anti-inﬂammatory drugs (aspirinintolerant asthma: AIA). The remainder of the asthmatic patients
were diagnosed as aspirin-tolerant asthma (ATA, n ¼ 21). During
surgery, the NP and uncinate process tissues (UT) were sampled
from patients with CRSwNP and CRSsNP, respectively. In addition,
19 non-CRS patients (e.g. blowout fracture or sphenoidal cyst) with
normal UT at inspection were enrolled as a control. The clinical
characteristics of the patients are presented in Table 1. All patients
provided informed consent prior to their participation, and the
study was pre-approved by the Human Research Committee of the
Okayama University Graduate School of Medicine and Dentistry.

Methods

Immunohistochemistry

Patients

Immunohistochemical staining for IL-22 and IL-22R1 was
performed according to a previously described protocol.20 Brieﬂy,
4-mm sections were collected from parafﬁn-embedded tissue
blocks, deparafﬁnized and rehydrated. The sections were heated
in sodium citrate buffer (pH 6.5) in a microwave oven for antigen
retrieval and were incubated with primary antibodies including

Sixty-six Japanese patients with CRS were enrolled for the
quantiﬁcation of IL-22 and IL-22R1 mRNA in sinonasal mucosa.
Brieﬂy, 53 of the 66 CRS patients exhibited NP (CRSwNP). The
remainder of the CRS patients demonstrated no visible NP in the

Quantiﬁcation of IL-22, IL-22R1 and MUC1 mRNA in sinonasal
mucosa
Surgically excised NP and UT tissues were soaked in RNAlater™
RNA stabilization reagent (Qiagen, Hilden, Germany) and were
stored at 30  C until use. Extraction of total cellular RNA, reverse
transcription to generate cDNA, and real-time quantitative PCR for
IL-22 and IL-22R1 were then performed, as described previously.18
Primers for analysis of GAPDH levels, which were used as an internal control, were purchased from Toyobo (Osaka, Japan). The
absolute copy number was calculated for each sample, and
samples are reported as copy numbers relative to GAPDH. The sequences and product size of the primers used for PCR were as follows: IL-22, forward 50 -GCTGCCTCCTTCTCTTGG-30 and reverse 50 GTGCGGTTGGTGATATAGG-30 (112 bp); IL-22R1, forward 50 TCTGCTCCAGCACGTGAAAT-30 and reverse 50 -GTCCCTCTCTCCGTAC
GTCT-30 (124 bp); MUC1, forward 50 -TTTCCAGCCCGGGATACCTA-30
and reverse 50 -AGAGGCTGCTGCCACCATTA-30 (PCR product size;
136 bp).

Table 1
Subjects' characteristics.
Groups

Non-CRS

CRSsNP

CRSwNP without asthma

CRSwNP with ATA

CRSwNP with AIA

Number
Sex (male/Female)
Age (y)
Age range (y)
Serum IgE (IU/mL)
Blood eosinophil count (102/mL)
CT grading score (LundeMackay)
FEV1/FVC ratio (%)

19
6/13
54.7 ± 19.0
14e81
204 ± 415
1.56 ± 1.24
0
79.9 ± 8.9

13
8/5
44.0 ± 17.7
14e74
283 ± 291
2.94 ± 2.06
5.8 ± 3.9
81.3 ± 5.3

16
11/5
41.1 ± 19.6
13e65
243 ± 414
3.40 ± 2.52
11.7 ± 6.7
80.4 ± 8.5

21
15/6
50.4 ± 16.7
21e77
701 ± 1047
7.17 ± 4.68
18.0 ± 5.4
71.3 ± 12.9

16
9/7
52.3 ± 17.9
21e79
249 ± 252
5.25 ± 3.19
15.6 ± 6.7
64.0 ± 12.0

ATA, aspirin-tolerant asthma; AIA, aspirin-intolerant asthma; CT, computed tomography; FEV1, forced expiratory volume in one second per forced vital capacity ratio.
Results were shown as a mean ± standard deviation.
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1:200 diluted rabbit anti-human IL-22 polyclonal antibodies (Gen
Tex, Taipei, Taiwan), 1:200 diluted rabbit anti-human IL-22R1
polyclonal antibodies (Life Span Biosciences, Seattle, WA) or
control serum (Universal Negative Control, Dako Japan, Tokyo,
Japan) at 4  C overnight. The avidin-biotin-immunoperoxidase
system (VECTASTAIN Elite™, Vector Laboratories, Burlingame,
CA, USA) was used according to the manufacturer's instructions to
detect antibodyeantigen interactions. The nuclei of the sections
were then stained with hematoxylin and the sections were
examined under a light microscope. A double immunostaining
using the anti-IL-22 antibodies with anti-CD4 mAb (4B12), antiCD68 (KP1), anti-ECP/EGX (EG2) or control Ab was performed to

determine whether the IL-22 positive cells were CD4þ T cells,
macrophage or eosinophils in nasal polyps.20
Culture of dispersed nasal polyp cells and uncinate tissue cells
Dispersed nasal polyp cells (DNPCs) and uncinate tissue cells
(DUTCs) were prepared from 22 patients with CRSwNP and 8
patients with CRSsNP, respectively, as described previously.21
Because the difference in the numbers and characteristics of
subjects in each experiment might have affected the results, the
clinical characteristics of the patients enrolled in the experiments
of cell culture are presented in Table 2. Nine and one out of 22

Table 2
Subjects' characteristics enrolled in the experiments of cell culture.
Groups

CRSsNP

CRSwNP without asthma

CRSwNP with ATA

CRSwNP with AIA

Number
Sex (male/Female)
Age (y)
Age range (y)
Serum IgE (IU/mL)
Blood eosinophil count (102/mL)
CT grading score (LundeMackay)
FEV1/FVC ratio (%)

8
5/3
52.5 ± 14.9
32e73
257 ± 473
3.10 ± 2.95
5.5 ± 3.5
76.4 ± 13.9

12
12/0
54.8 ± 13.8
26e71
372 ± 658
2.72 ± 1.33
15.0 ± 5.5
74.1 ± 9.0

9
7/2
63.7 ± 3.9
57e69
299 ± 257
5.26 ± 3.17
16.9 ± 4.6
64.0 ± 13.1

1
1/0
42
42
62
8.83
24
65.5

ATA, aspirin-tolerant asthma; AIA, aspirin-intolerant asthma; CT, computed tomography; FEV1, forced expiratory volume in one second per forced vital capacity ratio.
Results were shown as a mean ± standard deviation.

Fig. 1. Immunohistochemical staining of IL-22 (A, B) and IL-22R1 (C, D) in NPs. Sections were reacted with rabbit polyclonal antibody against IL-22 (B), IL-22R1 (D) or control
(Universal Negative Control (Rabbit): A, C) after which they were stained using the avidin-biotin-immunoperoxidase system. Scale bar ¼ 50 mm.
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Fig. 2. Relative amounts of IL-22 (A, B) and IL-22R1 (C, D) mRNA in UTs and NPs. The rectangle includes the range from the 25th to 75th percentiles; the horizontal line indicates the
median, and the vertical line indicates the range from the 10th to 90th percentiles. P values were determined by the ManneWhitney's U-test.

collected and the level of MUC1 mRNA was determined by realtime quantitative PCR as described above. The level of IL-22R1
mRNA in the respective NPs was also determined. Culture supernatants were collected from 9 samples and the concentration of
TARC, RANTES, eotaxin, IL-8, IL-18, IL-25 and IL-33 in the supernatants was determined.

patients with CRSwNP were complicated with ATA and AIA,
respectively. Signiﬁcant difference was seen between asthmatic
(n ¼ 10) and non-asthmatic (n ¼ 12) patients in FEV1/FVC ratio
(P ¼ 0.030 by ManneWhitney U test) but not CT grading score
(P ¼ 0.275). DNPCs or DUTCs (1  106 cells per mL) were stimulated with 1 ng/mL of staphylococcal enterotoxin B (SEB; Toxin
Technology, Sarasota, FL, USA) or alpha-toxin (AT; Sigma, St. Louis,
MO, USA) and were incubated at 37  C in a 5% CO2 atmosphere.
Alternatively, anti-human IL-22 Ab or control goat IgG (R&D systems, Minneapolis, MN, USA) at a concentration of 10 mg/mL was
added into the culture of 10 different samples before SEB or AT
stimulation in order to determine whether IL-22 affects exotoxininduced IL-5 and IL-13 production. An aliquot of the culture supernatant was collected after 72 h and stored at 80  C for subsequent cytokine analysis. The total serum IgE levels, blood
eosinophil count and forced expiratory volume in 1s (FEV1)/forced
vital capacity (FVC) ratio was examined for each patient with
CRSwNP before surgery. Computed tomography (CT) examination
was performed to evaluate the radiological severity of sinusitis,
and the severity was graded according to the LundeMackay system for each patient.19 Sections from NP were stained with hematoxylin/eosin solution, and the average number of eosinophils
per high power ﬁeld (5 ﬁelds at 400 magniﬁcation) was then
determined. Additionally, CT examinations were conducted six
months after surgery for 20 of the 22 patients.

The levels of IL-5, IL-13, TARC, RANTES, eotaxin, IL-8, IL-18, IL-25,
IL-33, and IL-22 were determined using ELISA.18 The levels of IL-5,
IL-8 and eotaxin were measured using Opt™ EIA sets (BD Biosciences), according to the manufacturer's instructions. The levels
of TARC, RANTES, IL-22 and IL-33 were measured using a DuoSet™
ELISA development kit (R&D Systems). IL-25 levels were measured
using a kit from KOMA BIOTEC (Seoul, Korea). IL-13 levels were
measured using paired capture and detection antibodies (BD Biosciences) and recombinant standards (R&D Systems). IL-18 concentrations were determined using anti-human IL-18 mAb (I25-2H,
MBL, Nagoya, Japan), biotinylated anti-human IL-18 mAb (159-12B,
MBL) and recombinant human IL-18 (MBL) as the capture antibody,
detection antibody and standard, respectively. The detection limit
was 4 pg/mL for IL-5, 2 pg/mL for IL-13, 4 pg/ml for TARC, 2 pg/ml
for RANTES, 4 pg/ml for eotaxin, 8 pg/ml for IL-8, 2 pg/ml for IL-18,
4 pg/ml for IL-25, 8 pg/ml for IL-33, and 8 pg/mL for IL-22.

Effect of IL-22 on MUC1 expression and cytokine release by DNPCs

Statistical analysis

DNPCs of each of 18 patients were stimulated with 20 ng/ml
human recombinant IL-22 (R&D Systems) for 72 h. Cells were then

Values are given as the median value except for the values in
Table 1, 2. The nonparametric ManneWhitney U test was used to

Cytokine measurement
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compare data between groups, and Wilcoxon's signed rank test was
used to analyze data within each group. A KruskaleWallis test
followed by a Dunn test was used for multiple comparisons. Correlation analyses were performed using Spearman's rank correlation. P-values less than 0.05 were considered statistically
signiﬁcant. Statistical analyses were performed with SPSS software
(version 11.0, Chicago, IL, USA).
Results
Local expression of IL-22/IL-22R1 in nasal polyps
The expression and distribution of IL-22 and IL-22R1 in the NP
of CRSwNP patients were immunohistochemically examined.
Representative staining showed that the IL-22 protein was
mainly expressed in inﬁltrating inﬂammatory cells (n ¼ 25,
Fig. 1A, B). In these cells, double immunohistochemical staining
showed that IL-22 was expressed in CD4þ cells and ECP/EPXþ cell
but not CD68þ cells (data not shown). In contrast, the IL-22R1
protein was mainly expressed in epithelial cells and in some
inﬁltrating cells (Fig. 1C, D).
Comparison of IL-22/IL-22R1 mRNA levels in nasal polyps and
uncinated tissues

Fig. 3. Correlation between the relative amounts of IL-22 and IL-22R1 mRNA in
sinonasal tissues from the following: >, UT of non-CRS patients; ▽, UT of CRSsNP
patients; △, NP of non-asthmatic patients; ,, NP of ATA patients; B, NP of AIA
patients.

DNPCs was signiﬁcantly higher than that by DUTCs (SEB,
P ¼ 0.013; AT, P ¼ 0.037) (Fig. 4A). In addition, IL-22 production
by DNPCs in response to SEB was signiﬁcantly and positively
correlated with that induced in response to AT (r ¼ 0.927,
P < 0.001, Fig. 4B).

IL-22 and IL-22R1 mRNA levels in the NP of CRSwNP patients
were compared with those in the UT of CRSsNP and non-CRS patients using real time quantitative-PCR. A KruskaleWallis test
showed that the amounts of both IL-22 (P ¼ 0.002) and IL-22R1
(P < 0.001) mRNA were signiﬁcantly different among three
groups including UT of non-CRS patients, UT of CRSsNP patients and
NP of CRSwNP patients (Fig. 2A, C). A Dunn test further revealed
that the amounts of IL-22R1 mRNA were signiﬁcantly lower in UT of
CRSsNP patients (P ¼ 0.005) and NP of CRSwNP patients (P < 0.001)
as compared with UT of non-CRS patients.
A KruskaleWallis test further showed that the amounts of both
IL-22 (P ¼ 0.012) and IL-22R1 (P ¼ 0.009) mRNA were signiﬁcantly
different among three subgroups of NP (non-asthmatic patients,
ATA patients and AIA patients) (Fig. 2B, D). A Dunn test further
revealed that the amounts of IL-22 mRNA were signiﬁcantly higher
in NP from AIA patients as compared with NP from non-asthmatic
patients (P ¼ 0.027). Conversely, the amounts of IL-22R1 mRNA
were signiﬁcantly lower in NP from AIA patients as compared with
NP from non-asthmatic patients (P ¼ 0.014) and ATA patients
(P ¼ 0.019).
As a whole of sinonasal tissues (n ¼ 85), a weak albeit signiﬁcant negative correlation was found between IL-22 and IL22R1 mRNA levels (r ¼ 0.223, P ¼ 0.041, Fig. 3). However,
none of each group showed a signiﬁcant correlation (UT of nonCRS patients: r ¼ 0.134, P ¼ 0.569; UT of CRSsNP patients:
r ¼ 0.296, P ¼ 0.304; NP of non-asthmatic patients: r ¼ 0.313,
P ¼ 0.227; NP of ATA patients: r ¼ 0.395, P ¼ 0.077; NP of AIA
patients: r ¼ 0.032, P ¼ 0.900).
Production of IL-22 by nasal polyp and uncinated tissue cells in
response to staphylococcal enterotoxin B and alpha-toxin
DNPCs and DUTCs from 22 to 8 patients respectively were
stimulated with or without SEB or AT (1 ng/ml) for 72 h. A
KruskaleWallis test showed that the amounts of IL-22 were
signiﬁcantly different among 3 groups stimulated with or
without exotoxins in DNPCs (P < 0.001) but not in DUTCs
(P ¼ 0.090). A Dunn test further revealed that a signiﬁcant production of IL-22 was seen in DNPCs in response to SEB (P < 0.001)
and AT (P < 0.001). SEB- and AT-induced IL-22 production by

Fig. 4. (A) Effect of S. aureus SEB and AT on IL-22 production by DUTCs and DNPCs. The
rectangle includes the range from the 25th to 75th percentiles; the horizontal line
indicates the median, and the vertical line indicates the range from the 10th to 90th
percentiles. P values were determined by the Wilcoxon's signed-ranks test. (B) Correlation of IL-22 production by DNPCs between SEB and AT stimulation.
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Pathophysiological signiﬁcance of exotoxin-induced IL-22
production by nasal polyp cells
We next analyzed the correlation between SEB-induced IL-22 in
DNPCs and the pathophysiological characteristics of the CRSwNP
patients from whom the NP were derived. SEB-induced IL-22 production by DNPCs (n ¼ 22) signiﬁcantly and negatively correlated
with the degree of eosinophilia in NP (r ¼ 0.479, P ¼ 0.028,
Fig. 5A) and conversely positively correlated with the FEV1/FVC
ratio (r ¼ 0.610, P ¼ 0.005, Fig. 5E). Similar signiﬁcant correlations
were found when the cells were stimulated with AT (r ¼ 0.567,

47

P ¼ 0.009 for the degree of eosinophilia in NP, r ¼ 0.538, P ¼ 0.014
for the FEV1/FVC ratio). In addition, a trend towards an inverse
correlation between SEB-induced IL-22 production and both the
radiological severity of CRS as assessed by the pre-operative CT
score (r ¼ 0.380, P ¼ 0.078, Fig. 5B) and blood eosinophil count
(r ¼ 0.414, P ¼ 0.058, Fig. 5C) was observed. The postoperative CT
score signiﬁcantly and negatively correlated with SEB-induced IL22 production by DNPCs (r ¼ 0.477, P ¼ 0.032, Fig. 5F). This score
also showed a trend toward negative correlation with AT-induced
IL-22 production (r ¼ 0.424, P ¼ 0.056). On the other hand, no
signiﬁcant correlation was seen between exotoxin-induced IL-22

Fig. 5. Relationship between SEB-induced IL-22 production by DNPCs and pathophysiological characterizations including number of inﬁltrating eosinophils in nasal polyps (A), preoperative CT score of rhinosinusitis (B), blood eosinophil count (C), serum total IgE levels (D), FEV1/FVC ratio (E), and post-operative CT core (F).
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production and serum total IgE levels (r ¼ 0.335, P ¼ 0.125 for SEB
(Fig. 5D) and r ¼ 0.250, P ¼ 0.252 for AT). A signiﬁcant reduction of
IL-22 production in response to SEB (P ¼ 0.004) and AT (P ¼ 0.036)
was seen in DNPCs from asthmatic patients as compared to nonasthmatic patients. On the other hand, no signiﬁcant associations
were seen between SEB-induced IL-22 production by DUTCs from
patients with CRSsNP and pre-operative CT score (r ¼ 0.101,
P ¼ 0.776), blood eosinophil counts (r ¼ 0.452, P ¼ 0.231), serum
total IgE levels (r ¼ 310, P ¼ 0.412) or FEV1/FVC ratio (r ¼ 0.357,
P ¼ 0.344). No signiﬁcant associations were also seen between ATinduced IL-22 production by DUTCs and pre-operative CT score
(r ¼ 0.113, P ¼ 0.776), blood eosinophil counts (r ¼ 0.381,
P ¼ 0.314), serum total IgE levels (r ¼ 0.381, P ¼ 0.314) or FEV1/FVC
ratio (r ¼ 0.238, P ¼ 0.529).
Induction of MUC1 mRNA expression in DNPCs by IL-22
IL-22 is known to induce MUC1 expression in colonic epithelial
cells.12 We therefore sought to determine the effect of IL-22 on
MUC1 mRNA expression in NP. MUC1 mRNA expression was
signiﬁcantly enhanced in DNPCs following their exposure to 20 ng/
ml of recombinant IL-22 (P ¼ 0.048) (Fig. 6A). MUC1 mRNA levels in
response to IL-22 were signiﬁcantly and positively correlated with
IL-22R1 mRNA levels in DNPCs (r ¼ 0.538, P ¼ 0.027), suggesting
that induction of MUC1 in response to IL-22 is dependent on the

levels of IL-22 receptor in NP (Fig. 6B). DNPCs spontaneously produced TARC, RANTES, IL-8, IL-18 and IL-33 but not eotaxin or IL-25
without stimulation. The addition of IL-22 did not signiﬁcantly alter
the production of TARC, RANTES, eotaxin, IL-8, IL-18, IL-25 or IL-33
by DNPCs (P > 0.05 for all, Fig. 7).
We found no signiﬁcant correlations between mRNA levels of
MUC1 and those of IL-22 (r ¼ 0.181, P ¼ 0.191) or IL22R1 (r ¼ 0.097,
P ¼ 0.482) in NP (n ¼ 53). However, a subgroup analysis showed
that a signiﬁcant positive correlation was found between mRNA
levels of MUC1 and those of IL-22R1 in AIA patients (r ¼ 0.550,
P ¼ 0.033, n ¼ 16). No signiﬁcant correlation (r ¼ 0.176, P ¼ 0.106)
was found between mRNA levels of MUC1 and IL-22/IL-22R1 ratio
in sinonasal tissues (n ¼ 85). In addition, none of each group
showed a signiﬁcant correlation (UT of non-CRS patients (n ¼ 19):
r ¼ 0.058, P ¼ 0.806, n ¼ 19; UT of CRSsNP patients (n ¼ 13):
r ¼ 0.346, P ¼ 0.230; NP of non-asthmatic patients (n ¼ 16):
r ¼ 0.349, P ¼ 0.177; NP of ATA patients (n ¼ 21): r ¼ 0.036,
P ¼ 0.871; NP of AIA patients (n ¼ 16): r ¼ 0.200, P ¼ 0.439).
Effect of IL-22 blockade on exotoxin-induced IL-5 and IL-13
production by DNPCs
To determine the role of IL-22 in DNPC production of IL-5 and IL13, the effect of blocking IL-22 action by treatment with the antihuman IL-22 Ab was assayed. Compared to control goat IgG,
treatment with anti-human IL-22 Ab had no effect on either SEBinduced IL-5 (P ¼ 0.333) or IL-13 (P ¼ 0.575), or on AT-induced
IL-5 (P ¼ 0.721) or IL-13 (P ¼ 0.647) production by DNPCs
(n ¼ 10, Fig. 8A, B). A signiﬁcant reduction of IL-22 levels (94.3%) in
culture supernatants of SEB-stimulated DNPCs was seen by the
neutralization of anti-IL-22 antibody as compared to the control
goat IgG (n ¼ 6, P ¼ 0.028), suggesting the successful neutralization
of this anti-IL-22 antibody (Fig. 8C).
Discussion

Fig. 6. Relationship between IL-22 signaling and MUC1 expression in NPs. (A) Effect of
IL-22 on MUC1 mRNA expression in DNPCs. DNPCs were stimulated with 20 ng/ml of
recombinant IL-22 for 72 h, then the levels of MUC1 mRNA in DNPCs were determined.
P values were determined by the Wilcoxon's signed-ranks test. (B) Correlation of
relative expression of IL-22R1 mRNA in nasal polyps and MUC1 expression in response
to recombinant IL-22 at 20 ng/ml.

In the present study, we characterized the expression of IL-22
and its receptor IL-22R1 in CRSwNP. Evidence is accumulating
regarding the role of IL-22 in the pathogenesis of chronic airway
diseases such as bronchial asthma. However, this is the ﬁrst report
of characterization of the production of IL-22 following exposure of
NP to Staphylococcus aureus exotoxins, which are candidate toxins
for facilitation of eosinophilic inﬂammation in airways.21,22
This study is the ﬁrst demonstration that IL-22 and IL-22R1 are
mainly expressed in inﬁltrating inﬂammatory cells and epithelial
cells, respectively, in NP. These results are consistent with previous
ﬁndings in other organs.4,5,23 For example, IL-22R1 is expressed in
several epithelial cells including keratinocytes.4,23 Consistent with
its original description as an IL-10-related T cell derived inducible
factor (IL-TIF), IL-22 is known to be produced by lymphoid cells
including CD4þ T cells, NT cells and type 3 innate lymphoid cells.4,5
The present result using double immunostaining suggests that
CD4þ T cells and eosinophils in nasal polyps have potential to
produce IL-22. These results suggest that interaction between inﬂammatory cells and epithelial cells via IL-22 regulates the pathogenesis of CRSwNP.
The levels of IL-22 and IL-22R1 mRNA in NP were signiﬁcantly
higher and lower, respectively, than those in UT from non-CRS
patients. In addition, the NP of asthmatic patients, especially of
patients with AIA, showed high expression of IL-22 mRNA and
conversely low expression of IL-22R1 mRNA. Since the presence
of asthma, especially of AIA, has a negative impact on the pathogenesis of CRSwNP including on postoperative outcomes, the present results suggest that an imbalance in signaling via IL-22 affects
the pathogenesis of CRSwNP.19,24 Our results in terms of IL-22R1
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Fig. 7. Effect of IL-22 on epithelial cell-derived cytokine/chemokine production by DNPCs. DNPCs were stimulated with 5 or 20 ng/ml of recombinant IL-22 for 72 h, then the
concentrations of TARC (A), RANTES (B), eotaxin (C), IL-8 (D), IL-25 (E), and IL-33 (F) were determined. P values were determined by the Wilcoxon's signed-ranks test.

expression are consistent with those of a previous report by Ramanthan; however, the expression of IL-22 differed between the two
studies.16 This discrepancy may be due to a difference in the control
tissue used (uncinate tissue mucosa vs. sinonasal mucosal tissue).
The difference in IL-22 mRNA levels in UT between non-CRS patients and CRS patients may be the differences in the numbers and/
or activating status of inﬁltrating inﬂammatory cells.
Superantigenic enterotoxin and non-superantigenic AT, both of
which are major exotoxins released by S. aureus, promote IL-22
production by NP cells. This ﬁnding is consistent with that of a
previous report, which showed that both SEB and AT induced IL-22
production in PBMCs and in isolated CD4þ T cells.25 In that report,

the AT-induced IL-22 production by PBMCs was signiﬁcantly
enhanced in patients with atopic dermatitis as compared with
patients with psoriasis and healthy controls. Our ﬁnding that the
SEB and AT-induced IL-22 production by NP cells was signiﬁcantly
higher than that of UT cells was similar to these previous reports,
and suggests that enhancement of IL-22 production following
exposure to S. aureus exotoxins is induced in inﬂamed tissues in
CRS. This different response between DNPCs and DUTCs may result
from different cell activation and/or different cell component. Our
preliminary result showed that the proportion (mean ± standard
deviation) of CD4þ, CD8þ, CD19þ, CD68þ and CD117þ, ECP/EPXþ
cells in DUTCs was 4.8 ± 2.3%, 8.7 ± 3.8%, 11.8 ± 13.3%, 4.8 ± 3.6%,
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Fig. 8. Effect of IL-22 neutralization on S. aureus exotoxin-induced IL-5 (A) and IL-13 (B) and IL-22 (C) production by nasal polyp cells. DNPCs were stimulated with either SEB or AT
in the presence or absence of anti-human IL-22 mAb or control goat IgG (20 mg/ml) for 72 h. P-values were determined using the Wilcoxon signed-rank test.

0.8 ± 0.4%, and 0.7 ± 0.7%, respectively (n ¼ 3). As compared with
our previous data on DNPCs (CD4þ cell: 7.8 ± 11.1%, CD8þ cells:
10.9 ± 10.5%, CD79aþ cells: 8.5 ± 6.8%, CD68þ cells: 8.9 ± 8.2%,
CD117þ cells: 8.5 ± 5.3%, ECP/EPXþ cells: 11.7 ± 8.9%), the preliminary result suggests that the proportion of mast cells, eosinophils and CD4þ T cells are lower DUTCs as compared with DNPCs.26
One of reasons why there was no signiﬁcant difference in IL-22
mRNA levels between UT of CRSsNP and NP of CRSwNP whereas IL22 production in response to SEB or AT was signiﬁcantly higher in
DNPCs than DUTCs may be that exotoxins are not the single elicitor
to induce IL-22 production in sinonasal tissues. Other microbes
such as fungi and viruses may also induce IL-22 production in CRS.
For example, Aspergillus-fumigatus induces IL-22 production by
human peripheral blood mononuclear cells.27
A signiﬁcant inverse correlation was seen between the degree of
eosinophilia in NP and exotoxin-induced IL-22 production by NP
cells in patients with CRSwNP. In addition, the complication with
asthma had a negative inﬂuence on exotoxin-induced IL-22 production by NP cells. This is the ﬁrst report in which IL-22 was
characterized in airways following exposure to S. aureus exotoxins.
To date, the effect of IL-22 on eosinophilic airway inﬂammation in
humans remains unclear. Pennino et al. recently showed that the
expression of IL-22 in both bronchial mucosa and bronchoalveolar
lavage ﬂuid was higher in asthmatic patients as compared with
healthy controls, and that IL-22 inhibited IFN-g-mediated expression of MHC class I, MHC class II, ICAM-1, RANTES and IP-10 in
bronchial epithelial cells.10 In a murine model of asthma, delivery of
IL-22 suppresses, whereas attenuation of IL-22 enhances eosinophilic inﬂammation.9,11 Together with the ﬁnding that exotoxininduced IL-22 production by DNPCs positively correlated with the
FEV1/FVC ratio whereas negatively correlated with postoperative
CT score, the present results suggest that impairment in the synthesis of IL-22 following exposure to S. aureus exotoxins regulates
the pathophysiology of CRSwNP including eosinophilic

inﬂammation, lower respiratory function and persistent inﬂammation after surgery. On the other hand, impairment of IL-22
synthesis after exposure with S. aureus exotoxins is not associated
with the pathophysiology of CRSsNP since no signiﬁcant correlations were found between exotoxins-induced IL-22 production by
DUTCs and pre-operative CT score, blood eosinophil counts, serum
total IgE levels or FEV1/FVC ratio.
It remains unclear how IL-22 regulates eosinophilic inﬂammation. Studies using mouse models of asthma suggest that the
inhibitory effect of IL-22 on eosinophilic airway inﬂammation is
associated with the suppression of Th2 cytokines such as IL-5 and
IL-13.9e11,28 However, this was not the case in the present study
since treatment with an anti-human IL-22 Ab did not alter
exotoxin-induced IL-5 or IL-13 production by NP cells. IL-22 is
known to regulate the production of other epithelial-derived cytokines or chemokines including CCL17 (TARC), RANTES, IL-8 and
IL-25.9,10,26,29 However, in the present study the addition of recombinant IL-22 did not alter the production of these cytokines/
chemokines by DNPCs.
On the other hand, IL-22 did signiﬁcantly enhance the levels of
MUC1 expression in NP cells. MUC1 is a membrane-tethered mucin
that is located on sinonasal mucosa, and whose expression is
signiﬁcantly higher in NP as compared with healthy nasal mucosa.30 MUC1 is known to exert an anti-inﬂammatory effect on
airway inﬂammation through inhibition of TLR signaling including
the signaling of TLR2, TLR3, TLR4, TLR5, TLR7 and TLR9.31 More
recently, Milara et al. demonstrated that the cytoplasmic tail of
MUC1 participates in the corticosteroid response that mediates GR
alpha nuclear transcription in CRSwNP.32 Our preliminary result
showed that co-culture with unstimulated Beas-2B cells, an airway
epithelial cell line, following treatment of MUC1-speciﬁc siRNA
prolonged attached but not ﬂoating eosinophil survival (approximately 9% extension), compared with non-slicing siRNA, suggesting
that MUC1 on epithelial cells displays an inhibitory effect on
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eosinophil survival by cell-to-cell contact (unpublished data).
Although IL-22 is known to enhance MUC1 expression in the intestine, little is known about the effect of IL-22 on MUC1 expression
in the airway.12 Our results, together with the ﬁnding that MUC1
levels in response to IL-22 were signiﬁcantly and positively correlated with IL-22RA mRNA levels in NP cells, suggest that one of the
anti-inﬂammatory effects of IL-22 on eosinophilic airway inﬂammation is mediated by the enhancement of MUC1 expression,
which is dependent on expression of the IL-22 receptor.
In conclusion, we show evidence that, following exposure of NP
cells to S. aureus exotoxins, IL-22 plays a regulatory role in the
pathogenesis of CRSwNP via enhancement of MUC1 expression by
an IL-22 receptor-dependent pathway. The present observations
might provide a basis for novel therapeutic approaches that target
IL-22 and its receptor in the management of airway inﬂammatory
diseases.
Acknowledgments
The authors would like to thank Osamu Matsushita and Misato
Hirai for discussions, Go Kuwayama for his assistance with immunohistochemistry, and Yuko Okano for her editorial assistance. This
work was supported in part by grants from Ministry of Education,
Culture, Sports, Science and Technology, Japan (23592511 and
25861652) and Ministry of Health, Labor and Welfare of Japan
(H26-, H27-Research on measures for intractable disease-general004).
Conﬂict of interest
The authors have no conﬂict of interest to declare.
Authors' contributions
MO, YN, KT and KN designed the study and wrote the manuscript. TF, SK, THa,
SM and KK contributed to patient collection and ex vivo study. TK and JI contributed
to immunohistochemistry. AK, YK and MA contributed to experiments regarding
MUC1. THi and MT performed the statistical analysis and interpretation of the
results.

References
1. Bousquet J, Bachert C, Canonica GW, Casale TB, Cruz AA, Lockey RJ, et al. Unmet
needs in severe chronic upper airway disease (SCUAD). J Allergy Clin Immunol
2009;124:428e33.
2. Ek A, Middelveld RJM, Bertilsson H, Bjerg A, Ekerljung L, Malinovschi A, et al.
Chronic rhinosinusitis in asthma is a negative predictor of quality of life: results
from the Swedish GAALEN survey. Allergy 2013;68:1314e21.
3. Yang YC, Zhang N, Van Crombruggen K, Hu GH, Hong SL, Bachert C. Transforming growth factor-beta 1 in inﬂammatory airway disease: a key for understanding inﬂammation and remodeling. Allergy 2012;57:1193e202.
4. Akdis M, Palomares O, van de Veen W, van Splunter M, Biol D, Akdis CA. Th17
and Th22 cells: a confusion of antimicrobial response with tissue inﬂammation
versus protection. J Allergy Clin Immunol 2012;129:1438e49.
5. Hazenberg MD, Spits H. Human innate lymphoid cells. Blood 2014;124:700e9.
6. Hirose K, Takahishi K, Nakajima H. Roles of IL-22 in allergic airway inﬂammation. J Allergy (Cairo) 2013;2013:260518.
7. Chang Y, Al-Alwan L, Risse PA, Roussel L, Roussseau S, Halayko AJ, et al. Th17
cytokines induce human airway smooth muscle cell migration. J Allergy Clin
Immunol 2011;127:1046e53.
8. Eyerich S, Eyerich K, Pennino D, Carbone T, Nasorri F, Pallotta S, et al. Th22 cells
represent a distinct human T cell subset involved in epidermal immunity and
remodeling. J Clin Invest 2009;119:3573e85.
9. Takahashi K, Hirose K, Kawashima S, Niwa Y, Wakashin H, Iwata A, et al. IL-22
attenuates IL-25 production by lung epithelial cells and inhibits antigeninduced eosinophilic airway inﬂammation. J Allergy Clin Immunol 2011;128:
1067e76.

51

10. Pennino D, Bhavsar PK, Effner R, Avitabilie S, Venn S, Wuaranta M, et al. IL-22
suppresses IFN-g-mediated lung inﬂammation on asthmatic patients. J Allergy
Clin Immunol 2013;131:562e70.
11. Nakagome K, Imamura M, Kawahata K, Harada H, Okunishi K, Matsumoto T,
et al. High expression of IL-22 suppresses antigen-induced immune responses
and eosinophilic inﬂammation via an IL-10-associated mechanism. J Immunol
2011;187:5077e89.
12. Sugimoto K, Ogawa A, Mizoguchi E, Shimomura Y, Andoh A, Bhan AK, et al. IL22 ameliorates intestinal inﬂammation in a mouse model of ulcerative colitis.
J Clin Invest 2008;118:534e44.
13. Kim KC. Role of epithelial mucins during airway infection. Pul Pharmacol Ther
2012;25:415e9.
14. Besnard A-G, Sabat R, Dumoutier L, Renauld J-C, Willart M, Lambrecht B, et al.
Dual role of IL-22 in allergic airway inﬂammation and its cross-talk with IL17A. Am J Respir Crit Care Med 2011;183:1153e63.
15. Sonnenberg GF, Nair MG, Kirn TJ, Zaph C, Fouser LA, Artis D. Pathological versus
protective functions of IL-22 in airway inﬂammation are regulated by IL-17A.
J Exp Med 2010;207:1293e305.
16. Ramanthan Jr M, Spannhake EW, Lane AP. Chronic rhinosinusitis with nasal
polyps is associated with decreased expression of mucosal interleukin-22 receptor. Laryngoscope 2007;117:1839e43.
17. Endam LM, Bosse Y, Filali-Mouhim A, Coumire C, Boisvert P, Boulet LP, et al.
Polymorphisms in the interlukin-22 receptor alpha-1 gene are associated
with severe chronic rhinosinusitis. Otolaryngol Head Neck Surg 2009;140:
741e7.
18. Higaki T, Okano M, Fujiwara T, Makihara S, Kariya S, Noda Y, et al. COX/PGE2
axis critically regulates effects of LPS on eosinophilia-associated cytokine
production in nasal polyps. Clin Exp Allergy 2012;42:1217e26.
19. Fokkens WJ, Lund VJ, Mullo J, Bachert C, Alobid I, Baroody F, et al. European
position paper on rhinosinusitis and nasal polyps. Rhinology 2012;(Suppl 23):
1e298.
20. Makihara S, Okano M, Fujiwara T, Kariya S, Noda Y, Higaki T, et al. Regulation
and characterization of IL-17A expression in chronic rhinosinusitis and its
relationship with eosinophilic inﬂammation. J Allergy Clin Immunol 2010;126:
397e400.
21. Okano M, Fujiwara T, Kariya S, Higaki T, Haruna T, Matsushita O, et al. Cellular
responses to Staphylococcus aureus alpha-toxin in chronic rhinosinusitis with
nasal polyps. Allergol Int 2014;63:563e73.
22. Bachert C, van Steen K, Zhang N, Holtappeis G, Cattaert T, Maus B, et al. Speciﬁc
IgE against Staphylococcus aureus enterotoxins: an independent risk factor for
asthma. J Allergy Clin Immunol 2012;130:376e81.
23. Zhang S, Fujita H, Mitsui H, Yanofsky VR, Fuentes-Duculan J, Pettersen JS,
et al. Increased Tc22 and Treg/CD8 ratio contribute to aggressive growth
of transplant associated squamous cell carcinoma. PLoS One 2013;8:
e62154.
24. Matsuwaki Y, Ookushi T, Asaka D, Mori E, Nakajima T, Yoshida T, et al. Chronic
rhinosinusitis: risk factors for the recurrence of chronic rhinosinusitis based on
5-year follow-up after endoscopic sinus surgery. Int Arch Allergy Immunol
2008;146(Suppl 1):77e81.
25. Niebuhr M, Scharonow H, Gathmann M, Mamerow D, Werfel T. Staphylococcal
exotoxins are strong inducers of IL-22: a potent role in atopic dermatitis.
J Allergy Clin Immunol 2010;126:1176e83.
26. Okano M, Fujiwara T, Haruna T, Kariya S, Makihara S, Higaki T, et al. PGE2
suppresses staphylococcal enterotoxin-induced eosinophilia-associated
cellular responses dominantly via an EP2-mediated pathway in nasal polyps.
J Allergy Clin Immunol 2009;123:868e74.
27. Gresnight MS, Becker KL, Smeekens SP, Jacobs CW, Joosten LA, van der
Meer JW, et al. Aspergillus fumigatus-induced IL-22 is not restricted to a speciﬁc
Th cell subset and is dependent on complement receptor 3. J Immunol
2013;190:5629e39.
28. Taube C, Tertilt C, Gyulveszi G, Dehzad N, Kreymborg K, Schneeweiss K, et al.
IL-22 is produced by innate lymphoid cells and limits inﬂammation in allergic
airway diseases. PLoS One 2011;6:e21799.
29. Whittington HA, Armstrong L, Uppington KM, Millar AB. Interleukin-22: a
potential immunomodulatory molecule in the lung. Am J Respir Cell Mol Biol
2004;31:220e6.
30. Martinez-Anton A, Debolos C, Garrido M, Roca-Ferrer J, Barranco C, Aloobid I,
et al. Mucin genes have different expression patterns in healthy and diseased
upper airway mucosa. Clin Exp Allergy 2006;36:448e57.
31. Ueno K, Koga T, Kato K, Golenbock DT, Gendler SJ, Kai H, et al. MUC1 mucin is a
negative regulator of Toll-like receptor signaling. Am J Respir Cell Mol Biol
2008;38:263e8.
32. Milara J, Peiro T, Armengot M, Frias S, Morell A, Serrano A, et al. Mucin 1
downregulation associates with corticosteroid resistance in chronic rhinosinusitis with nasal polyps. J Allergy Clin Immunol 2014;135:470e6.

