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Characterization of pollen antigen-induced IL-31 production by peripheral blood

mononuclear cells in allergic rhinitis
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Haruna, MD,* Yohei Noda, MD,” Kengo Kanai, MD,* Shin Kariya, MD,* Hiroshi Yasueda, PhD,® and
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“Department of Otolaryngology-Head & Neck Surgery, Okayama University Graduate School of Medicine,
Dentistry and Pharmaceutical Sciences, Okayama, Japan; and "Clinical Research Center for Allergy and

Rheumatology, Sagamihara National Hospital, Sagamihara, Japan.

Abstract

Background: Interleukin-31 (IL-31) is a Th2-related cytokine that affects allergic diseases.

Objective: Production and characterization of pollen antigen-induced IL-31 production by peripheral blood
mononuclear cells (PBMCs) in Japanese cedar/cypress pollinosis (JCCP) was investigated.

Methods: PBMCs were isolated from healthy controls and JCCP patients who had or had not received specific
immunotherapy. PBMCs were cultured in the presence or absence of pollen antigens; then, the production of IL-31 and
other cytokines was measured. Naso-ocular symptoms and quality of life (QOL) of study subjects during the pollen
dispersion was monitored using Japanese rhinoconjunctivitis QOL questionnaires.

Results: PBMCs from healthy controls did not produce IL-31 in response to pollen antigens. However, the JCCP patient
group included both positive and negative responders in terms of IL-31 production. The amount of antigen-induced
IL-31 production was significantly and positively correlated with the production of IL-5 and IL-13 but not IFN-y.
IL-31-producing PBMCs produced significantly higher amounts of IL-5 and IL-13 as compared to IL-31-negative
PBMCs. QOL during cypress pollen dispersion was significantly impaired in patients who produced IL-31 in response
to pollen antigens, as compared to patients who did not produce IL-31. The amount of IL-31 was significantly and
positively correlated with QOL scores during the dispersion. PBMCs from patients who received specific
immunotherapy had a reduced level of IL-31 production.

Conclusion: These results suggest that although pollen antigen-induced IL-31 production is not essential for the onset

of JCCP, it is closely associated with both the pathological and physiological severity of JCCP.
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Abbreviations
AR: allergic rhinitis, IFN: interferon, IL: interleukin, JCCP: Japanese cedar/cypress pollinosis, JRQLQ: Japanese
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Introduction

Allergic rhinitis (AR) is a common manifestation of allergic diseases, affecting approximately 500 million
people worldwide with a substantial impairment of QOL (1). Japanese cedar/cypress pollinosis (JCCP) is the major
phenotype of AR in Japan and has a prevalence of 29.8% (2). JCCP is mainly caused by exposure to Japanese cedar
(Cryptomeria japonica) pollen and Japanese cypress (Chamaecyparis obtuse) pollen (3). The cypress pollen disperses
after the cedar pollen in spring (4). Since cedar pollen and cypress pollen contain several cross-reactive components,
pollinosis-felated symptoms can last for as long as 4 months, from February to May (4-8). On the other hand,
species-specific components and epitopes for IgE and/or T cells have been identified (4-6, 8). For example, 4 and 11
T-cell epitopes in Cha o 1 and Chao 2, respectively, the major allergen of Japanese cypress pollen, do not cross-react
with the corresponding epitopes in Japanese cedar pollen (6, 8).

Allergen-specific CD4* Th2 cells producing IL-4, IL-5 and IL-13 are believed to play a central role in the
pathogenesis of AR (9-11). Following nasal exposure to inhalant allergens, allergen-specific Th2 cells are generated in
patients with AR, whereas allergen-specific Trl cells are generated in healthy individuals (10, 11). In addition,
allergen-specific immunotherapy (SIT), the most fundamental and curative therapy for AR, suppresses allergen-specific
Th2-cell responses via several pathways including the induction of co-inhibitory molecule expression and the activation
of regulatory T cells and cytokines such as IL-10 and TGF-B (12, 13).

IL-31 is a novel cytokine belonging to the IL-6 cytokine family (14). IL-31 is mainly produced by CD4" T
cells, particularly Th2 cells and skin-homing CD45RO" cutaneous lymphocyte-associated antigen (CLA)-positive cells
(14, 15). Thus, the role of IL-31 in pruritic skin diseases including atopic dermatitis, contact dermatitis and eczema has
been examined (14-21). The overexpression of IL-31 can induce pruritus, and the levels of IL-31 in skin are correlated

with the severity of pruritus in mice (14, 18). In humans, elevated local expression of IL-31 is seen in pruritic skin as



compared with healthy skin (15-17). Although local amounts of IL-31 mRNA do not correlate with the severity of
atopic dermatitis, serum levels of IL-31 do positively correlate with the disease severity (17, 20).

The role of IL-31 in the pathogenesis of respiratory allergic diseases remains unclear. IL-31 enhances EGF,
VEGF and CCL2 production by human bronchial epithelial BEAS-2B cells, and it suppresses proliferation of human
alveolar epithelial A549 cells (22, 23). Serum concentrations of IL-31 are significantly higher in allergic asthmatic
patients as compared with normal control subjects (24). However, in a murine model of Th2-biased pulmonary
inflammation, deficient IL-31 signaling leads to more severe inflammation in the lung parenchyma, the enhancement of
IL-4, IL-5 and IL-13 production by mediastinal lymph node cells, and the elevation of serum IgE levels, suggesting that
IL-31 is a negative regulator in this type of inflammation (25).

In the present study, we investigated the production of IL-31 in antigen-stimulated peripheral blood
mononuclear cells (PBMCs) from subjects with and without JCCP. We believe that the findings presented here are the
first to demonstrate that the antigen-induced IL-31 production by PBMCs is a potential biomarker reflecting the
severity of rhinitis-related QOL in AR. Our results provide a basis for future therapeutic approaches aimed at regulating

IL-31 to limit allergic diseases.

Materials and Methods
Antigens and reagents

Crude antigens of Japanese cedar pollen and Japanese cypress pollen were extracted from Cryptomeria
Japonica pollen and Chamaecyparis obtuse pollen, respectively, as described previously (26, 27). Cry j 1 was purified
and concentrated from Japanese cedar crude antigen, as previously described (26).
Patients

Forty-nine patients with JCCP (15 men and 34 women; age range, 29 to 75 years; mean age, 51.0 years)
were enrolled in the study. Written informed consent was obtained from each subject. Sensitization to Japanese cedar
pollen was confirmed by the presence of specific IgE antibodies (range, 0.73 to >100 UA/ml; mean, 20.54 + 22.39
UA/ml), as determined by ImmunoCAP (Phadia AB, Uppsala, Sweden). Twenty patients received SIT with a
standardized extract of Cryptomeria japonica pollen (Torii Co., Tokyo, Japan) over a period of at least 2 years. The
mean maintenance dose of the extract was 468 JAU. None of the patients had used immunosuppressive drugs,
including oral steroids, during the pollen season. The control group consisted of 8 healthy subjects with no sensitization

to Japanese cedar pollen, as confirmed by ImmunoCAP (3 men and 5 women; age range, 34 to 62 years; mean age,



46.5 years). No significant differences in age or sex existed among the three groups. The study was approved by the
Human Research Committee of Okayama University Graduate School of Medicine, Dentistry and Pharmaceutical
Sciences.
Antigen-specific cytokine production by PBMCs

Heparinized blood was collected from May to June in 2009. PBMCs were isolated and cultured as
previously described (13). In brief, PBMCs (2 x 10%ml) were incubated in the presence or absence of 10 pg/ml of
cedar crude antigen, cypress crude antigen, or Cry j 1 at 37°C in a 5% CO,/air mixture for 72 h. Then, supernatant was
collected and stored at —80°C until it was assayed. Levels of IL-5, IL-13 and IFN-y were measured by using Opt EIA
sets (BD Biosciences, San Jose, CA), in accordance with the manufacturer’s instructions. The levels of IL-31 were
measured by using a DuoSet ELISA development kit (R&D Systems, Minneapolis, MN). The detection limit of these
assays was 3.9 pg/ml for IL-5, 3.9 pg/ml for IL-13, 7.8 pg/ml for IFN-v, and 7.8 pg/ml for IL-31.
Monitoring of symptoms and QOL

Japanese rhinoconjunctivitis quality-of-life questionnaires (JRQLQ) were used to compare naso-ocular
symptoms and rhinitis-related QOL during the pollen dispersion_season between SIT-treated patients and SIT-untreated
patients (28).
Statistical analysis

Median values are presented. The non-parametric Mann-Whitney’s U test were used to detect differences
between groups. Correlation analysis was performed by using Spearman’s correlation coefficient by rank. P values less
than 0.05 were considered statistically significant. The statistical analysis was performed by using StatView™ software

(version 4.5, Abacus Inc., Berkeley, CA).

Results
Production of [L-31 in response to pollen antigens by PBMCs

PBMCs from the healthy control group (n=8) did not produce IL-31 in response to Cry j 1, Japanese cedar
crude antigen or Japanese cypress crude antigen. On the other hand, the JCCP patient group included both positive and
negative responders. PBMCs from all 29 JCCP patients who were not treated with SIT were examined for cytokine
production in response to Cry j 1. However, due to limited sample volumes, PBMCs from 27 and 26 JCCP patients not
treated with SIT were examined for cytokine production in response to cedar crude antigen and cypress crude antigen,

respectively. All PBMCs from SIT-treated patients could be examined for cytokine production in response to the three



antigens.

Eighteen of 29 (62.1%: p=0.002 as compared with controls by Fisher’s exact probability test), 17 of 27
(63.0%: p=0.002), and 9 of 26 (34.6%: p=0.060) of PBMCs from JCCP patients not treated with SIT produced IL-31 in
response to Cry j 1, cedar crude antigen, and cypress crude antigen, respectively. Among the SIT-treated JCCP patients,
only 25.0% (p=0.011 as compared with patients not treated with SIT), 21.1% (p=0.005), and 16.7% (p=0.166) of
PBMCs produced IL-31 in response to Cry j 1, cedar crude antigen, and cypress crude antigen, respectively. Overall,
the median amounts of IL-31 produced in response to Cry j 1 and cedar crude antigen were significantly higher in JCCP
patients not treated with SIT as compared with healthy controls and JCCP patients treated with SIT (Fig. 1A and B). On
the other hand, the median amount of IL-31 in response to cypress crude antigen was not statistically different among

the three groups (Fig. 1C).
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Figure 1. Production of IL-31 of PBMCs against stimulation with pollen antigens. PBMCs from healthy control
subjects (Control), JCCP patients without specific immunotherapy with standardized extract of Japanese cedar pollen
(Non-SIT) and JCCP patients with the specific immunotherapy (SIT) were stimulated with Cry j 1 (A), cedar crude
antigen (B) and cypress crude antigen (C) for 72 hours, then the concentration of IL-31 in the supematants was
measured by ELISA. The horizontal line indicates the median. P values were determined by using Mann-Whitney’s U
test.

Correlation of antigen-induced 1i.-31 production to the production of other cytokines by PBMCs
PBMCs from healthy controls did not produce IL-5 in response to pollen antigens. On the contrary, the

PBMCs from 160% (p<0.001 as compared with controls by Fisher’s exact probability test), 160% (p<0.001) and 88.5%

(p<0.001) of SIT-untreated JCCP patients produced IL-5 in response to Cry j 1, cedar crude antigen and cypress crude




antigen, respectively. PBMCs from 50.0%, 37.5% and 37.5% of healthy controls produced IL-13 in response to Cry j 1,

cedar crude antigen and cypress crude antigen, respectively, whereas PBMCs from 93.1% (p=0.013), 96.3% (p<0.001)

and 73.1% (p=0.080) of SIT-untreated JCCP patients produced IL-13 in response to the respective antigens. PBMCs

from 25.0%, 25.0% and 37.5% of healthy controls produced IFN-v in response to Cry j 1, cedar crude antigen and

cypress crude antigen, respectively, whereas PBMCs from 55.2% (p=0.133), 70.4% (p=0.030) and 57.7% (p=0.276) of

SIT-untreated JCCP patients produced IFN-y in response to the respective antigens.

The median amounts of Cry j 1- and cedar crude antigen-induced IL-5 and IL-13 produced by PBMCs were

significantly higher in JCCP patients without SIT treatment as compared to healthy control subjects and JCCP patients

treated with SIT (Fig. 2A, B, D and E).
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Figure 2. Production of Th1 and Th2 cytokines of PBMCs against stimulation with pollen antigens. PBMCs from
healthy control subjects (Control), JCCP patients without specific immunotherapy with standardized extract of
Japanese cedar pollen (Non-SIT) and JCCP patients with the specific immunotherapy (SIT) were stimulated with

Cry j 1 (A-C), cedar crude antigen (D-F) and cypress crude antigen (G-I) for 72 hours, then the concentration of
IL-5 (A, D, G), IL-13 (B, E, H) and IFN-y (C, F, I) in the supernatants was measured by ELISA. The rectangle
includes the range from the 25% and the 75" percentiles, the horizontal line indicates the median, and the vertical

line indicates the range from 10" to the 90™ percentiles. P values were determined by using Mann-Whitney’s U

test.




The amounts of cypress crude antigen-induced IL-5 and IL-13 production were also significantly higher in JCCP
patients without SIT treatment as compared with healthy controls; however, the differences did not reach a significant
level between JCCP patients with and without SIT treatment (Fig. 2G and H). [IFN-y production in response to cedar
crude antigen was significantly higher in JCCP patients without SIT treatment as compared with healthy controls and
SIT-treated JCCP patients (Fig. 2F). On the other hand, no differences were seen in Cry j 1- or cypress crude
antigen-induced IFN-y production (Fig. 2C and I).

The amounts of Cry j 1-, cedar crude antigen-, and cypress crude antigen-induced IL-31 production were
significantly and positively correlated with the production of IL-5 and IL-13 but not IFN-y in response to the respective

antigens in JCCP patients without SIT treatment (Fig. 3).
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Figure 3. Relationship between amounts of pollen antigen-induced IL-31 and Th1/Th2
cytokines produced by PBMCs from JCCP patients. Correlations between the amounts of
IL-31 in response to Cry j 1 (A-C), cedar crude antigen (D-F) and cypress crude antigen (G-I)
and the amounts of IL-5 (A, D, G), IL-13 (B, E, H) and IFN-y (C, F, I) in response to the
respective antigens were determined by using Spearman’s correlation coefficient by rank.
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In addition, PBMCs from patients who produced IL-31 in response to Cry j 1, cedar crude antigen, and cypress crude
antigen produced significantly higher amounts of IL-5 and IL-13 by stimulation with the respective antigens as
compared with PBMCs from patients who did not produce IL-31 (Fig. 4A, B, D, E, G and H). The levels of IFN- y

production were not different between IL-31 producers and nonproducers, except for cedar crude antigen stimulation

(Fig. 4C, F and I).
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Figure 4. Comparison of the amounts of IL-5 (A, D, G), IL-13 (B, E, H) and IFN-y (C, F, I) in response to
Cry j 1 (A-C), cedar crude antigen (D-F) and cypress crude antigen (G-I) between patients showing positive
and negative production of IL-31 in response to the respective antigens. The horizontal line indicates the
median. P values were determined by using Mann-Whitney’s U test.

Clinical significance of IL.-31 production in Japanese cedat/cypress pollinosis
A total of 2,220 grains/cm?® of Japanese cedar pollen and 1,478 grains/cm? of Japanese cypress pollen were
dispersed in 2009. The peak dispersions of cedar and cypress pollens occurred on March 10 and April 11, respectively

(Fig. 5). Thus, patients answered the JRQLQ during March 4 to 18 and April 8 to 22 to assess naso-ocular symptoms
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and rhinitis-related QOL.
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Figure 5. Fluctuation of cedar and cypress pollen dispersion from February to April in 2009. Open
square and closed circle represent the counts of cedar and cypress pollen, respectively. Naso-ocular
symptoms and rhinitis-related QOL was monitored during the peak season of cedar pollen

dispersion (March 4 to 18: solid line) and cypress pollen dispersion (April 8 to 22: dotted line)

Symptom scores in the peak season of cedar pollen dispersion were similar between IL-31 producers and
nonproducers in response to Cry j 1, cedar crude antigen, and cypress crude antigen (Fig. 6A-C). QOL scores in the
peak season of cedar pollen dispersion were also similar between IL-31 producers and nonproducers in response to
cedar crude antigen and cypress crude antigen (Fig. 6E, F). A trend in the exacerbation of QOL was seen in Cry j
1-induced IL-31 producers as compared with the nonproducers; however, this trend did not reach statistical difference

(p=0.087, Fig. 6D).
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Figure 6. Comparison of the naso-ocular symptoms (A-C) and QOL (D-F) during the peak season of cedar
pollen dispersion between patients showing positive and negative production of IL-31 in response to Cry j 1
(A, D), cedar crude antigen (B, E) and cypress crude antigen (C, F). The horizontal line indicates the median. P
values were determined by using Mann-Whitney’s U test.

Symptom scores in the peak season of cypress pollen dispersion were also similar between IL-31 producers
and nonproducers in response to Cry j 1, cedar crude antigen, and cypress crude antigen (Fig. 7A-C). However, QOL
scores in the peak season of cypress pollen dispersion were significantly higher in IL-31 producers in response to Cry j
1 and cypress crude antigen but not cedar crude antigen as compared with the respective nonproducers (Fig. 7D-F).

The amount of IL-31 production in response to Cry j 1, cedar crude antigen or cypress crude antigen did not
correlate with symptom or QOL scores in the peak season of cedar pollen dispersion (data not shown). However, the
amounts, especially in response to Cry j 1 (p=0.641, p<0.001) and cypress crude antigen (p=0.658, p<0.001),
significantly and positively correlated with QOL scores in the peak season of cypress pollen dispersion (Fig. 8D-F). In
addition, there was a trend in positive correlation between cypress crude antigen-induced IL-31 production and the

symptom scores in the season (p=0.451, p=0.070: Fig. 8C).
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Figure 7. Comparison of the naso-ocular symptoms (A-C) and QOL (D-F) during the peak season of cypress

pollen dispersion between patients showing positive and negative production of IL-31
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D), cedar crude antigen (B, E) and cypress crude antigen (C, F). The horizontal line indicates the median. P

values were determined by using Mann-Whitney’s U test.
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Figure 8. Relationship between the naso-ocular symptoms (A-C) and QOL (D-F) during the peak season of
cypress pollen dispersion and the amounts of IL-31 produced by PBMCs in response to Cry j 1 (A, D), cedar crude

antigen (B, E) and cypress crude antigen (C, F). The p and p values were determined by using Spearman’s

correlation coefficient by rank.
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Discuésion

In the present study, we characterized the IL-31 production in pollen antigen-induced PBMC responses in
allergic rhinitis. Evidence is accumulating regarding the role of IL-31 in the pathogenesis of allergic diseases, especially
atopic dermatitis; however, this is the first report to demonstrate the role of IL-31 in allergic rhinitis (14-25).

Overall, PBMCs from patients with JCCP produced higher amounts of IL-31 in response to pollen antigens,
especially Cry j 1 and cedar crude antigen, as compared with PBMCs from healthy controls. Elevated expression levels
of IL-31 protein and/or mRNA in serum, PBMCs and inflamed tissues in other allergic diseases has been reported for
both humans and mice (14-18, 20, 24). For example, IL-31 protein levels in serum and IL-31 mRNA levels in PBMCs
were significantly higher in patients with allergic asthma as compared with normal controls (24). Superantigen-induced
expression of IL-31 mRNA in PBMCs was significantly higher in patients with atopic dermatitis as compared with
healthy controls (16). The present results are consistent with the previous reports; together, these reports suggest that
the elevated expression of IL-31 may be a common feature in atopic allergic diseases. In addition, this may be the first
report of the induction of IL-31 protein production by allergen stimulation in humans.

The amount of pollen antigen-induced IL-31 production was significantly and positively correlated with the
production of IL-5 and IL-13 but not IFN-y. This result is consistent with the report by Neis et al. that the expression of
IL-31 mRNA in the skin was correlated with the expression of IL-4 and IL-13 in atopic dermatitis, suggesting that
antigen-induced IL-31 production is selectively associated with Th2 responses in PBMCs (17). Although IL-31 can be
produced by mast cells, this result further suggests that the main producer of IL-31 may be Th2 cells producing both
IL-5 and IL-13 (32).

The most important and interesting finding in the present study is that the PBMCs from some JCCP patients
produced IL-31 in response to antigen, while the PBMCs from other JCCP patients did not. About one third of the
patients did not produce IL-31 in response to cedar pollen-related antigens (Cry j 1 and cedar crude antigen). On the
other hand, most patients produced other Th2 cytokines, IL-5 and IL-13. In particular, all JCCP patients produced IL-5
in response to Cry j 1 and cedar crude antigen, whereas the PBMCs from healthy controls did not produce IL-5. One of
the reasons why all JCCP patients produced IL-5 in response to the pollen antigens is the high pollen dispersion in 2009.
This result is consistent with previous reports that the induction of antigen-specific IL-5 production by PBMCs was a
key factor in the onset of allergic rhinitis including JCCP (29, 30). In addition, PBMCs from about two thirds of the
JCCP patients did not respond to cypress crude antigen. It has been proposed that a subset of atopic dermatitis patients

express low levels of IL-31 (15, 17). For example, CLA* T cells from 5 of 12 patients with atopic dermatitis did not
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produce IL-31 in response to a suboptimal concentration of anti-CD3 (15). Our results are similar to these reports and
suggest that JCCP patients can be divided into two subsets regarding antigen-induced IL-31 production by PBMCs. In
addition, these results suggest that the induction of IL-31 production is less essential for the onset of allergic rhinitis as
compared with other Th2 cytokines, especially IL-5.

On the other hand, PBMC:s that produced IL-31 in response to polien antigens produced higher amounts of
IL-5 and IL-13 in response to the respective antigens. In addition, patients whose PBMCs produced IL-31 in response
to Cry j 1 and cypress crude antigen had significantly impaired QOL at the peak season of cypress pollen dispersion.
This result suggests that the induction of IL-31 production may lead to a deterioration in the pathophysiology of JCCP.

Furthermore, the amount of IL-31 produced by PBMCs in response to Cry j 1 and cypress crude antigen
significantly and positively correlated with QOL scores in the peak season of cypress pollen dispersion. In human
atopic dermatitis, IL-31 serum levels were correlated with the severity of atopic dermatitis, as determined by SCORAD
scores (20). On the other hand, SCORAD scores were not correlated with the cutaneous expression levels of IL-31
mRNA (17). Our result is consistent with the former report and suggests that the induction of pollen antigen-induced
IL-31 production by PBMC:s is associated with the severity of allergic rhinitis.

In the present study, we used Cry j 1, the major allergen molecule of Japanese cedar pollen, as a purified
pollen allergen. Cross-allergenicity between Cry j 1 and Cha o 1, the major allergen molecule of Japanese cypress
pollen,’ has been reported at the human T-cell level (6, 33). In addition, we found that the amounts of [L-5 produced by
PBMC:s in response to Cry j 1 are significantly and highly correlated with those in response to Cha o 1 (n=46, r=0.952,

p<0.001 by Pearson’s correlation coefficient: unpublished data, Fig. 9).

Cha o |-induced IL-5 production
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Figure 9. Relationship between Cry j 1- and Cha o 1-induced IL-5 production by PBMCs from patients with
JCCP (n=46).
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Thus, the correlation between QOL scores in the peak season of cypress pollen dispersion and the amounts

of IL-31 by PBMCs in response to Cry j 1 is due to the cross-reactivity of Cry j 1 and Cha o 1 at the cellular level. The

amount of pollen-induced IL-31 produced by PBMCs was correlated with QOL scores in the peak season of cypress

pollen dispersion but not the peak season of cedar pollen dispersion. This may be due to the time of blood sampling. We

collected blood from May to June in 2609, just after the cessation of cypress pollen dispersion. Thus, the amounts of

cytokines produced by PBMCs may more closely reflect the pathogenesis caused by cypress pollen.

In conclusion, our results suggest that, unlike other Th2-type cytokines including IL-5 and IL-13, IL-31

displays a unique and independent role in the pathophysiology of allergic rhinitis. The amount of pollen

antigen-induced IL-31 production by PBMCs is more selectively associated with the disease severity of JCCP. These

observations may provide a basis for future therapeutic approaches targeting IL-31 in the management and alleviation

of allergic rhinitis.
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