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ABSTRACT 
 

Interleukin 18 (IL18), originally known as potent interferon (IFN) γ-inducing activity, 

can both increase serum IgE levels and promote allergen-induced eosinophilic influx 

into the airways of mice used as models of asthma. In the ovalbumin (OVA)-induced 

asthma model, IL18 expression was upregulated in macrophages obtained from 

bronchoalveolar lavage fluid and airway epithelial cells. A combination of antigen 

with IL18-stimulated T helper (Th) type 1 cells can cause overproduction of IFNγ, 

IL9, IL13, macrophage inflammatory protein-1a, and granulocyte-macrophage 

colony-stimulating factor, and may thereby induce acute airway inflammation in 

asthma. The reports on IL18 in allergic rhinitis have been inconsistent with those on 

IL18 in allergic asthma. Increased level of IL18 in the nasal discharge of allergic 

rhinitis patients had been reported, which was not in allergic rhinitis animal model 

using BALB/c mice, unlike in the bronchoalveolar lavage fluid. The possible reason 

of these discrepancy in the nose and the lung was attributed to the complex control 

mechanism of IL18 secretion in vivo, and the different roles of this pro-inflammatory 

cytokine in allergic rhinitis and asthma. Taken together, the function of endogenous 

IL18 in allergic disease is not well defined, warranting the analysis of the effect of 

genetic ablation of IL-18 on experimentally induced allergic diseases.In this study, we 

investigated the impact of IL18 on the nasal mucosa in allergic rhinitis using IL18-

deficient mice. Wild-type (C57BL/6) and IL18-deficient mice (C57BL/6-background) 

were sensitized by intra-peritoneal injection of OVA on days 0, 7, and 14, then 

challenged via the airway from days 21 to 27 using inhaled OVA solution (1 g/50 mL 

PBS) delivered using an ultrasonic nebulizer. The mice were sacrificed to analyze the 

severity of allergic rhinitis symptoms, tissue eosinophilic infiltration, the levels of 

mRNAs encoding Th1 and Th2 cytokines in nasal cells, Th1/Th2 cytokine levels in 
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splenocyte culture supernatants, the time course of IL2/IL18 secretion by OVA, 

CD4+CD25+Foxp3+ splenocyte population and proliferation of CD4+ splenocytes by 

OVA-stimulation. Allergic inflammation, including tissue eosinophilic infiltration and 

allergic nasal symptoms, did not develop in the absence of IL18. IL12 were 

paradoxically overexpressed in peripheral organs lacking IL18 when the mice were 

sensitized to OVA. Splenocytes from sensitized IL18-deficient mice produced more 

IL2, and such overproduction was suppressed by exogenous IL18. 

CD4+CD25+Foxp3+ splenocytes expanded in OVA-sensitized/challenged wild-type 

mice, which was not in IL18-deficient mice. Furthermore, IL4+ and IFNγ+ cells 

proliferated upon OVA stimulation. These results imply that, during allergic 

inflammation, IL18 is assumed to be necessary for differentiation and immune 

regulatory function of allergen-induced CD4+CD25+Foxp+ Tregs. Locally, 

especially in the nose, this pro-inflammatory cytokine might modulate innate immune 

responses through IL2 regulation, to prevent exaggerated local inflammation by 

allergens. Possibly, the role of IL18 in allergic inflammation is to maintain immune 

homeostasis rather than to enhance Th1/Th2 response.  

------------------------------------- 

Keywords: allergic rhinitis, interleukin 18, interleukin 2, interleukin 12, 

regulatory T cells 
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INTRODUCTION 
 

Interleukin 18 (IL18), originally known as potent interferon (IFN) γ inducer, 

can increase serum IgE levels and promote allergen-induced eosinophilic 

influx into the airways of mice used as asthma models (1-3). In the ovalbumin 

(OVA)-induced asthma model, IL18 expression was upregulated in 

macrophages obtained from bronchoalveolar lavage fluid (BALF) and airway 

epithelial cells (4). A combination of antigen with IL18-stimulated Th1 cells 

triggers overproduction of IFNγ, IL9, IL13, macrophage inflammatory 

protein-1a, and granulocyte–macrophage colony-stimulating factor, and may 

thereby induce acute airway inflammation in asthma (5,6). 

Also, accumulating evidence has implicated IL18 in the initiation and 

progression of eosinophilic airway inflammation, especially of the lower 

airways (3,7-10). Compared to the levels seen in healthy subjects, some 

studies have shown that serum IL18 levels are elevated in asthmatics, but 

other studies have reported contradictory results (7). Asthma patients exhibit 

significantly higher levels of IL18 secretion by mononuclear cells (8). In an 

experimental model of asthma, intranasal challenge with IL18 together with 

allergen or IL2 evoked substantial lung eosinophilia in BALB/c and CBA/J 

mice (3,9,11,12). In contrast, IL18-deficient mice of the C57BL/6 strain 

exhibited either no difference or exacerbation of local eosinophilia, compared 

to wild-type mice (10,13). Thus, these studies suggest that the effects of IL18 

on allergic inflammation are complex and cannot be easily viewed as either 

promoting or suppressing Th2-mediated inflammation. 

The reports on IL18 in allergic rhinitis have been inconsistent with those on 

IL18 in allergic asthma. Verhaeghe et al. demonstrated increased expression 

of IL18 and eosinophilic cationic protein (ECP) in the nasal secretions from 

patients with allergic rhinitis after allergen exposure (14). They also found 
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that IL18 remained upregulated to 4 weeks after the last pollen peak, 

suggesting a possible role of IL18 in the persistence of the inflammation.  

However, when allergic rhinitis and asthma was provoked in BABL/c mice, 

this cytokine was elevated only in BALF, not in nasal lavage (15), and 

upregulated IL18 level in BALF decreased to the level of control mice by 

corticosteroid treatment. The possible reason of those discrepancy in the nose 

and the lung was attributed to the complex control mechanism of IL18 

secretion in vivo, and the different roles of this pro-inflammatory cytokine in 

allergic rhinitis and asthma.  

Taken together, the function of endogenous IL18 in allergic disease is not 

well defined, warranting the analysis of the effect of genetic ablation of IL18 

on experimentally induced allergic diseases. In this study, we investigated the 

impact of IL18 in allergic rhinitis using IL18-deficient mice.  
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MATERIALS AND METHODS 

Animals 

Specific pathogen-free (SPF) 4-5 -week-old female C57BL/ 6J-wild type (IL-

18+/+) mice and C57BL/6-background 4–5-week-old female IL18-deficient 

(IL-18-/-) mice were purchased from Jackson Laboratory (000664 and 004130, 

Bar Harbor, ME, USA). All mice were raised under SPF conditions at the 

animal facilities of Seoul National University College of Medicine.  

 

Experimental Protocols 

Four experimental groups consisted of 5 mice per group and each experiment 

was performed at least twice. Mice in wild type and IL18 deficient mice were 

sensitized by intra-peritoneal injection of 25 ㎍ ovalbumin (Sigma, St. Louis, 

MO, USA) and 2 mg of aluminum hydroxide (alum) solution in phosphate 

buffered saline (PBS, 300 UL) on day 0, 7 and 14. Mice were then challenged 

via the airways from days 21 to 27, using nebulized 2% OVA solution (1 g/50 

mL of PBS) with an ultrasonic nebulizer (Aznell Inc., Osaka, Japan). In 

contrast, PBS 300 uL were administered intraperitoneally in mice of wild type 

mice and IL18 deficient mice. Then, these mice were challenged with 50 mL 

of PBS using nebulizer according to the same schedule above (Figure 1).  

 

Nasal symptom score 

On day 28, after last challenge of ovalbumin or PBS, total numbers of nasal 

scratching and sneezing were counted for 10 minutes. The symptom score is 

defined as total number of nasal scratching and sneezing for 10 minutes. 

Mean value of symptom score was compared among the experimental groups.  

 

Histology of nasal mucosa and eosinophil quantification 

On day 29, 24 hours after allergen provocation, all mice were sacrificed. 

Heads and lungs were separated from the body and the scalps were removed. 
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Whole heads were fixed in 10% formalin, decalcified, embedded in paraffin 

blocks and sectioned coronally near the posterior margin of the orbit. Sections 

were cut at 4-5 µm thickness. Sirius red staining was performed and under 

light microscopic vision (x400 magnification, Laborlux K, Wetzlar, Germany), 

eosinophils were counted in the submucosal area of whole nasal septum using 

eyepiece reticule. A single observer, not knowing experimental condition, 

counted eosinophils in all sections. 

 

Real time quantitative PCR of cytokine mRNA in nasal mucosa 

After removing the nasal cavity from the head of the remaining mice in each 

group, we meticulously dissected the nasal mucosae using a small curette. 

Total RNA was isolated from nasal cells using TRIZOL Reagent (Invitrogen, 

Carlsbad, CA, USA) according to the manufacturer’s protocol. RNA 

concentration were determined by UV spectrophotometer. Two micrograms 

of prepared RNA was reverse transcribed with SuperScriptII reverse 

transcriptase (Invitrogen, Carlsbad, CA, USA). To analyze IL4 

(Mm00445258_g1), IL5 (Mm00439646_m1), IL10 (Mm00439616_m1), IL13 

(Mm00434204_m1) and IFNγ (Mm99999071_m1), primers and probe were 

purchased from Applied Biosystems (Foster City, CA). 1 uL of cDNA was 

used in a 30 uL real-time PCR reaction volume. The TagMan method was 

used to detect amplification changes in each successive cycle. Analysis was 

performed using the 7500 system software (Applied Biosystems). The average 

gene transcript levels were then normalized to that of GAPDH. 

The sequences of the specific PCR primers used to amplify IL2, IL12, IL18, 

and GAPDH are given in Table 1, which were analyzed in the same methods 

above.   

 

Total IgE/ovalbumin specific IgE/IgG1/IgG2a levels in serum 

Blood samples were obtained from the orbital veins. Total IgE and OVA 

specific IgE levels were measured using ELISA technique.   
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Measurement of total IgE 

96-well, flat-bottom plates were coated overnight with anti–mouse IgE 

capture monoclonal antibody (BD Pharmingen) at 4℃ . The plate was washed 

with 0.05% Tween-PBS three times and blocked with 300 µL of 3% BSA per 

well for 1 hour at room temperature. Serum samples (32-fold dilution) and 

standard solution (BD Pharmingen) were added, and the plate was incubated 

for 3 hours at 4℃. After washing 3 times, bound IgE was detected using rat 

anti–mouse IgE–horseradish peroxidase (SouthernBiotech, Birmingham, 

Alabama) at 3,000-fold dilution. Optical density was measured in a microplate 

reader at 450 nm. 

 

Measurement of ovalbumin-specific IgE/IgG1/IgG2a 

96-well, flat-bottom plates were coated with 100 µg/mL of ovalbumin in 

coating buffer (0.05M carbonate-bicarbonate) overnight at 4℃ , washed 3 

times with washing buffer (PBS containing 0.05% Tween-20), and blocked 

with 3% BSA in PBS for 1 hour at room temperature. Serum samples (50 µL, 

16-fold dilution) were added to ovalbumin-coated plates along with serial 

dilutions of a high titer ovalbumin IgE standard and incubated for 2 hours at 

room temperature. After washing, 100 µL of biotin-conjugated rat anti–mouse 

IgE monoclonal antibody (BD Pharmingen, San Jose, California) was added 

to each well and incubated for 1 hour at room temperature. The plates were 

then incubated with 100 µL of streptavidin and horseradish peroxidase– 

conjugated secondary antibody (BD Pharmingen) for 30 minutes at RT. After 

washing, 100 uL of 3,3’,5,5’-tetramethylbenzidine substrate solution was 

added per well and incubated for 30 minutes at room temperature. Optical 

density was measured at 450 nm using an absorbance detector. 

Ovalbumin-specific IgG1 and IgG2a levels were determined by similar 

methods with dilution of the sera (x 1: 218 for IgG1; x1:210 for IgG2a). 
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Isolation of splenocytes  

After the mice were sacrificed, spleens were explanted. The spleens were 

mechanically homogenized and the homogenates were filtered with 40 µm 

cell strainers (BD pharmigen) for obtaining splenocyte suspensions. Then, red 

blood cells (RBC) in the suspensions of filtered splenocytes were lysed with 

RBC lysis buffer (Sigma). After RBC lysis, the splenocyte suspensions were 

washed with phosphate buffered saline (PBS). Half of the spleen was used for 

intracellular cytokine staining analysis and the remaining halves were cultured 

with ovalbumin for cytokine analysis.  

 

Cytokine analysis in splenocyte culture supernatant 

Dispersed splenocytes were plated in 24-well plates at a final concentration of 

5 × 106 cells per well in RPMI-1640 containing 10% fetal bovine serum 

(FBS) supplemented with penicillin-streptomycin. The cells were stimulated 

with ovalbumin (100 µg/mL) for 72 hours. The supernatants were collected 

and stored at −70℃ until cytokine measurement using ELISA kits. Levels of 

IL2, IL4, IL5, IL10, IL12, IL13 and IFNɣ were determined in culture 

supernatant using commercial ELISA kits (R&D Systems, Minneapolis, 

Minnesota) according to the manufacturer’s instructions. Especially for IL2 

and IL18, splenocyte culture supernatant was obtained at each time point after 

ovalbumin stimulation: 3 h, 6 h, 12 h, 24 h (for IL18), 48 h (for IL18) and 72 

h (for IL18), which were used for determination of these cytokine levels. 

These supernatants were separated by centrifugation and stored at −70℃ for 

later use.  

To determine the role of IL18 on IL2, splenocytes from IL18 deficient mice 

were stimulated with ovalbumin for 48 hours. IL18 was added to the cell 

suspension with ovalbumin stimulation, in three different concentrations of 0, 

0.25 ng/mL, and 2.5 ng/mL. Splenocyte culture supernatant was obtained at 

each time point of 24 h and 48 h for determination of IL2 levels. IL2 
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concentration ratios were calculated by dividing the IL2 levels at 48 h by 

those at 24 h.  

    

Regulatory T cell proportion in CD4+ splenocytes analysis 

Mice splenocytes were used for regulatory T cells (Tregs) analysis without 

any stimulation. Dead cells were stained with ethidium monoazide (Invitrogen, 

Carlsbad, CA, USA) for exclusion of dead cells in the analysis of 

flowcytometry. Immunostaining was performed using fluorochrome-

conjugated monoclonal antibodies as follows: Pacific Blue-conjugated anti-

CD3 (BD Biosciences, San Jose, CA, USA), FITC-conjugated anti-CD4 (BD 

Biosciences), PE-Cy7-conjugated anti-CD25 (BD Biosciences), and PE-

conjugated anti-FoxP3 (eBioscience, San Diego, CA, USA). For cell surface 

staining, the cells were stained with fluorochrome-conjugated antibodies such 

as anti-CD3, anti-CD4 and anti-CD25 for 30 minutes at 4oC in the dark. Next, 

staining for FoxP3 which is an intracellular molecule was performed using 

fixation/permeabilization buffer set (eBioscience) according to the 

manufacturer’s instruction. Briefly, the cells were fixed in paraformaldehyde, 

permeabilized using permeabilization buffer containing saponin and thereafter 

stained with fluorochrome-conjugated anti-FoxP3 for 30 minutes at 4oC in the 

dark. Multiparameter flow cytometry was performed using a BD LSR II 

instrument (BD Biosciences) using FACSDiva software (BD Biosciences) and 

flow cytometry data were analyzed with FlowJo software (Treestar, Ashland, 

OR, USA). 

   

Intracellular cytokine staining analysis for IFNγ+ and IL4+ cells in CD4+ 

splenocytes 

Splenocytes were stimulated in in 96 well round bottom plates. Duplicate 

cultures of 500,000 splenocytes were set up in 200 µL of RPMI 1640 

(WELGENE Inc. Daegu, Republic of Korea) containing 5% fetal bovine 

serum (FBS) (WELGENE Inc.) and 2 mM L-glutamine with 10 µg of 
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ovalbumin (A5503-25G, Sigma-Aldrich, St. Louis, MO, USA) or PBS (as a 

negative control) for 18 hours. To block the cytokine transport in Golgi 

apparatus, brefeldin and monensin (all from BD Biosciences) were applied 

into the wells at the time of 6 hours after culture start. The cultured 

splenocytes were immunostained using following fluorochrome-conjugated 

monoclonal antibodies: Pacific Blue-conjugated anti-CD3, FITC-conjugated 

anti-CD4, APC-conjugated anti-IL-4, and PE-conjugated anti-IFN-γ (all from 

BD Biosciences). For excluding dead splenocytes during culture, the 

splenocytes were stained with ethidium monoazide (Invitrogen). For cell 

surface staining, the cells were stained with fluorochrome-conjugated 

antibodies such as anti-CD3 and anti-CD4 for 30 minutes at 4oC in the dark. 

Next, staining for intracellular cytokines such as IL4 and IFNγ was performed 

using fixation/permeabilization buffer set (eBioscience). Multiparameter flow 

cytometry was performed using a BD LSR II instrument (BD Biosciences) 

using FACSDiva software (BD Biosciences) and flow cytometry data were 

analyzed with FlowJo software (Treestar).  

 

Statistical analysis 

Results are expressed as mean (±SEM). Statistical analysis was performed 

using SPSS 12.0 software (SPSS Inc., Chicago, Illinois, USA) and the Mann-

Whitney U test. P < 0.05 was considered significant. This study was approved 

by the Seoul National University College of Medicine Institutional Animal 

Care and Use Committee. 
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RESULTS 

Allergic symptoms do not develop in IL18-deficient mice compared to wild-

type mice 

The nasal symptom score of sensitized wild-type mice was 15.7 ± 2.6, 

significantly higher than the control group (2.71 ± 0.75, P < 0.01). The scores 

of the control and sensitized IL18-deficient groups were 3.00 ± 0.63 and 2.56 

± 0.82, respectively, significantly lower than that of sensitized wild-type mice 

(P < 0.01 for both comparisons, Figure 2). 

The eosinophil count in the nasal mucosa of the sensitized wild-type group 

was 30.0 ± 6.0, significantly higher than those of the control (2.0 ± 0.91, P < 

0.05) and IL18-deficient groups (0.2 ± 0.2, P < 0.05, Figure 3). The 

eosinophil count of sensitized IL18-deficient mice (7.0 ± 4.04) was somewhat 

less than that of sensitized wild-type mice (P = 0.49), but did not differ from 

that of non-sensitized IL18-deficient mice (P = 0.81).  

The total IgE level in sensitized wild-type mice (1,061.04 ± 229.51 ng/mL) 

was significantly greater than those in control and sensitized IL18-deficient 

mice (137.84 ± 129.37 ng/mL; 212.38 ± 55.93 ng/mL respectively, both P 

values < 0.01, Figure 4). OVA-specific IgE and IgG1 levels in sensitized 

wild-type mice were significantly higher than in control and sensitized IL18- 

deficient mice (both P values < 0.01, Figure 4). The OVA-specific IgG2a 

level in sensitized wild-type mice was comparable to that of sensitized IL18-

deficient mice (Mann-Whitney test, P = 0.29, Figure 4). 

 

Messenger-RNAs encoding IFNγ are upregulated in the nasal mucosa of 

IL18- deficient mice  

Messenger RNAs encoding IL4, IL5, IL10, and IL13 were upregulated in the 

nasal mucosa of sensitized wild-type mice compared to non-sensitized mice, 



 

 

10 

but this was not true of mRNA encoding IFNγ (Figure 5). In IL18-deficient 

mice, IL4, IL5, IL13, and IFNγ mRNAs were significantly upregulated in the 

sensitized group. IL10 mRNA was also upregulated but not to a significant 

extent. Interestingly, IL4, IL10, IL13, and IFNγ mRNAs were more highly 

expressed in IL18-deficient mice than in wild-type mice upon OVA 

sensitization. OVA-challeged IL18-deficient mice showed significantly 

lowered IL5 mRNA expression than wild-type, and vice versa in case with 

IL13. 

 

Th2 cytokines are produced by splenocytes of IL18-deficient mice  

To further assess the systemic response to OVA, cytokine levels in the 

supernatants of OVA-stimulated splenocyte cultures were determined. IL4, 

IL5, IL10, IL13, and IFNγ production by splenocytes of both types of mice 

was significantly increased by OVA stimulation (Figure 6). However, no 

difference between sensitized mice of either group was evident. IL12 was not 

detected in any group. 

 

IL12 is paradoxically overexpressed in peripheral organs lacking IL18 upon 

OVA sensitization 

IL2 and IL12 mRNA expression levels were higher in IL18-deficient than in 

wild-type mice. Especially, the IL12 mRNA expression level was greater in 

sensitized IL18-deficient mice compared to non-sensitized mice. This was 

similar, but not significant in case with IL2 mRNA. The level of expression of 

IL18 mRNA was similar in wild-type mice regardless of sensitization status 

(Figure 7). 

 

IL18 secretion is suppressed by OVA stimulation of sensitized wild-type 

mice splenocytes 

At 48 h, IL18 secretion was suppressed by OVA stimulation. The mean IL18 

level was significantly lower only in sensitized wild-type mice when 
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splenocytes were cultured with OVA for 48 h (56.96 ± 28.86 pg/mL vs. 

142.51 ± 43.41 pg/mL, P = 0.02; Figure 8). At 72 h, the IL18 level increased 

in both groups of wild-type mice. However, no difference was evident 

between the two groups (216.96 ± 17.02 pg/mL vs. 226.31 ± 55.86 pg/mL, P 

> 0.05). 

 

IL2 production is enhanced in IL18-deficient splenocytes  

In the same supernatants, the IL2 level was somewhat less in sensitized wild-

type mice than in other groups, but the difference was not significant (data not 

shown). Thus, we determined IL2 levels over time after OVA stimulation; 

measurements were made at 3 h, 6 h, 12 h, 24 h, 48 h, and 72 h (Figure 9). 

Mean IL2 production increased more in sensitized than in control groups after 

OVA stimulation. The IL2 levels of both sensitized groups were significantly 

higher than those of both control groups at 24 h. Interestingly, the IL2 level 

was higher in sensitized IL18-deficient mice than sensitized wild-type mice at 

48 h (48.83 ± 4.10 pg/mL vs. 31.70 ± 2.53 pg/mL, P = 0.02). At 72 h, all 

groups had similar IL2 levels, with the lowest level noted in sensitized wild-

type mice. 

 

IL2 secretion triggered by OVA is suppressed by IL18 in sensitized IL18-

deficient splenocytes 

IL2 concentration ratios were calculated by dividing the IL2 levels at 48 h by 

those at 24 h. These ratios decreased in sensitized mice treated with IL18 

(2.67 ± 0.63 vs. 0.84 ± 0.24, P < 0.05; Figure 10) but not in non-sensitized 

mice. 

 

CD4+CD25+Foxp3+ cells do not increase without IL18 

Since IL2 is essential for the differentiation and survival of Tregs, we 

analyzed the proportion of CD4+CD25+Foxp3+ cells among CD4+ 

splenocytes by FACS analysis. In wild mice, CD4+CD25+Foxp3+ cell 
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occupied 11.32 ± 0.16 % , which was significantly higher than 7.18 ± 0.27 % 

in the control group (P < 0.01, Figure 11). On the contrary, both IL18 

deficient groups showed similar CD25+Foxp3+ cell proportions in CD4+ 

splenocytes (10.31 ± 0.15 % in the control group vs. 10.47 ± 0.22 % in the 

sensitized group, P > 0.05). However, Treg populations in IL18 KO mice 

were much more than in the non-sensitized wild mice (P < 0.01).   

 

Th1 and Th2 cells proliferate upon addition of OVA to IL18-deficient 

splenocytes 

In the same samples, CD4+ splenocytes were stimulated with OVA for 18 h 

and the proportions of cells that were IL4+ and IFNγ+ were analyzed using 

the ICS technique. In sensitized IL18-deficient mice, IL4+ and IFNγ+ cell 

levels increased significantly upon OVA stimulation (both P < 0.01; Figure 

12). However, no other group exhibited a significant difference in such cell 

populations, with or without OVA stimulation.  
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DISCUSSION 

We found that IL18 may be indirectly associated with immune regulatory 

processes that occur during allergic inflammation, via regulation of IL2 and 

Treg induction by allergen (4). In addition, IL18 may inhibit proliferation of 

Th1 and Th2 cells triggered by a specific allergen through these pathways.  

Most previous studies on the role played by IL18 in allergic inflammation 

have used wild-type mice, in which IL18 and other cytokines were applied in 

the lower airways or on splenocyte suspensions. In the present study, IL18-

deficient mice were used clarify to the difference from wild-type mice.  

In the present study, allergic symptoms developed only minimally in IL18-

deficient mice compared to wild-type mice, consistent with the histological 

findings of decreased eosinophilic tissue infiltration. These findings are in line 

with those of earlier studies, which found that IL18 was involved in initiation 

and progression of eosinophilic airway inflammation (3,7-11). 

Decreased levels of total IgE, OVA-specific IgE, and IgG1 in serum were in 

close agreement with the report that local exogenous IL18, when administered 

with allergen, evoked eosinophilic infiltration into the airway, and increased 

these immunoglobulins (9). IL-18 is also known to increase IgE production by 

CD4+ T cells, in IL4 and STAT6 dependent fashion (16). In contrast, Kodama 

et al. reported similar level of ova-specific IgE in wild-type and IL18-

deficient mice (17).  

Administration of IL18 to naive animals increase total IgE levels in sera, 

suggesting that IL18 can modify IgE class switching even in absence of a 

protein immunogen (9). These findings are supposed to result from direct 

actions on B cells by IL18 or indirectly secondary to increased Th2 cytokines, 

such as IL4. In present study, IL4 production by splenocytes and in the nasal 

mucosa was similar in both types of mice. Though further study is necessary, 

these findings imply direct actions of IL18 on IgE class switching in B cells in 

addition to indirect effects via IL4.  
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The levels of IgE in IL18-deficient mice have controversial reports. 

Salagianni et al. reported elevated IgE by systemic immunization alone (18), 

whereas repetitive local challenge of OVA decreased serum IgE level (19). 

Yamagata et al. supposed these diversity might be due to immune tolerance 

by repetitive allergen challenge and higher susceptibility of IL18-deficient 

mice to this tolerance (19).    

Histamine derived from mast cells is responsible for sneezing, itching, and 

rhinorrhea during the early response to allergen challenge. Increased 

concentration of histamine are found in nasal washings of rhinitis patients 

immediately after allergen provocation (20). 

Binding of allergen to specific IgE molecules on mast cells and basophils 

leads to secretion of mediators, including histamine and tryptase et al. In 

present study, OVA-specific IgE level was lower in IL18-deficient mice than 

in wild-type mice. This might be the cause for decreased nasal symptom 

scores by histamine in IL18 deficiency, although histamine was not assayed in 

this study.  

Localized administration of IL18 to the lung is associated with increased 

eotaxin levels in the airway (3). In the same study, IL18 induced eotaxin 

release from macrophages and airway epithelial cells, and thus increase local 

eosinophil infiltration.  

In addition, less eosinophil infiltration in the nasal mucosa might be 

associated with lower IL5 mRNA expression in OVA-challenged IL18-

deficient mice than in wild-type counterpart, which is closely related with 

chemotaxis and activation of eosinophils. Interestingly, IL4 and IL13, that is 

Th2 cytokines, were more expressed in IL18-deficient mice upon OVA 

challenge than in wild type mice. This increase of IL4 is concordant with the 

results of bronchoalveolar lavage fluid (BALF) using OVA-induced asthma 

model, using the same mice (17). However, IFNγ level was lower in IL18-

deficiency in their article, contradictory to this study. In the present study, 

mRNA encoding IFNγ was upregulated in OVA-challenged IL18-deficient 
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mice, but not in OVA-challenged wild-type mice. As IL18 is known to induce 

IFNγ (1), this finding is quite interesting. IL10 was upregulated in a similar 

fashion to IFNγ, which is known to suppress the activity of activated 

macrophage, and regulate innate and adaptive immune responses.  

Another possible explanation of these observation is the very transient 

eosinophilia in IL18-deficient mice only within the first hours after antigen 

challenge (3). Thus, at 24hr after the last challenge, when we sacrificed mice, 

eosinophil numbers might reduced to the baseline levels.  

To find out how systemic response to ovalbumin would resemble these 

cytokine profiles of the nasal mucosa, Th1 and Th2 cytokines were analyzed 

in the splenocyte culture supernatants. Assays of splenocyte culture 

supernatants showed that levels of IFNγ, as well as Th2 cytokines increased in 

IL18-deficient mice upon OVA stimulation, attaining almost comparable 

levels to those of wild-type mice. These results imply that the ability of 

splenocytes to produce Th1 and Th2 cytokines might not depend on IL18. 

IL18-transgenic splenic T cells also produce both Th1 and Th2 cytokines (21). 

From these findings, IL18 is supposed not to regulate cytokine production 

directly, but to channel the immune response to Th2 type in allergic 

inflammation via other mechanisms. 

These cytokine profiles of the nasal mucosa is contradictory to the previous 

study using the same IL18-deficient mice, showing decreased level of IFNγ 

and IL4 in BALF (19). In their study, IL5 and IL13 levels were increased to 

those of wild type, which is similar with the present study.  

One possibility of these discrepancies between the lung and the nasal mucosa 

might be different locations of these peripheral organs: the nose in the upper 

airway vs. the lung in the lower airway. As an entry of the airway, the nose is 

more susceptible to lots of diverse antigens apart from OVA. This might 

upregulate the latent immune response in the nasal mucosa.  

Even when challenged with PBS, lymphocyte infiltration or proliferation was 

evident in the nasal mucosa, (Figure 13) and IL4, IL10, and IFNγ were more 
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expressed in IL18-deficient mice than in wild-type. Thus, mRNAs of IL2 and 

IL12 were analyzed. IL12 is known to prime the undifferentiated helper T 

cells to secret IFNγ (22). IL2 is essential for the initiation of adaptive immune 

response, and induces IL4 and IL13 together with IL18 in CD4+ T cells (23). 

As shown, IL2 and IL12 mRNA expression showed similar fashion with IFNγ 

expression.  

IL12 is produced by antigen-presenting cells, including B lymphocytes, 

monocytes/macrophages, and dendritic cells (19,21), and known to be 

associated with IL18 and IL2. IL12 and IL18 together induce high-level IFNγ 

synthesis and inhibit IgE production (20). Upregulation of IL12 mRNA could 

be related with IFNγ upregulation, attenuated allergic symptoms and 

eosinohilic inflammation in this study. In OVA-induced asthma model, 

intranasal administration of IL12 elevated IFNγ and improved AHR (24). 

CD4+ T cells produce the cytokine of IL2, previously known as T cell growth 

factor. This cytokine acts principally on T cells, as a powerful growth factor 

and activator. When administered intra-peritoneally with IL18 before allergen 

challenge, IL2 effectively increase IL12 and IFNγ in BALF to efficiently 

suppress allergen-induced AHR and airway inflammation (25). 

Another role of IL 2 is the maintenance of Treg populations, which is critical 

in immune tolerance mechanism. Mucus production, AHR, and tissue 

inflammation dramatically was decreased by IL2:anti-IL2 treatment (26). 

These findings were attributed to a marked expansion of IL10-producing 

Tregs, with a corresponding decrease in effector T cell responses. In addition, 

the ability of IL2:anti-IL2 complex was dependent on Treg-derived IL10.  

In present study, baseline or latent IL12 level was higher in PBS-challenged 

IL18-deficient mice than in OVA-challenged wild-type mice. These findings 

imply that the presence of IL18 might inhibit IL12 activity in the peripheral 

organ.  

IL10, a pleiotropic immunoregulatory cytokine, was also upregulated in the 

nasal mucosa. Almost all cells of the innate and adaptive arms of the immune 
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system can express this cytokine, including dendritic cells (DC), macrophages, 

mast cells, natural killer cells (NK), eosinophils, neutrophils, B cells, CD8+ 

cells, Th1, Th2, and Th17 cells. The level of IL10 correlate inversely with 

disease severity (27). Lower IL10 mRNA expression is also presented in 

patients with severe asthma (28). Though baseline IL10 was over-expressed in 

PBS-challenged IL18-deficient mice, this cytokine could not inhibit Th1 and 

Th2 cytokine upon OVA challenge. Tregs recruited to the site of allergen 

challenge are not principal producers of suppressive cytokines such as IL10 

and TGFβ, but suppress the proliferation of effector T cells (CD4+Foxp3-). 

From these assumptions, these baseline IL10 might not be secreted from 

Tregs in the nasal mucosa.  

Meanwhile, IL18 mRNA expression was unchanged by OVA challenge in 

wild-type mice, which is in perfect accordance with the previous report using 

BALB/c mice (15). There have been many contradictory reports on the level 

of IL18, even in asthma, as described previously in introduction. These 

findings might come from constant inflammatory cell number in the nasal 

mucosa (29). That is, unlike in BALF of asthma model, inflammatory cells 

might not increase in allergic rhinitis murine model, thus IL18 level might be 

kept steady even after allergen challenge.  

However, IL18 secretion from wild-type splenocytes was more suppressed by 

OVA stimulation at 48h in OVA-sensitized wild-type mice than in non-

sensitized counterpart, which increased to similar levels at 72h in both groups.  

IL12 was not detected in the same sample, which might be due to vicinity of 

APCs, such as DCs and macrophages, in splenocyte suspensions.  

Cytokine time curve revealed that OVA-sensitized splenocytes produced more 

IL2 than non-sensitized counterpart. Interestingly, the IL2 level was higher in 

OVA-sensitized IL18-deficient mice than in wild-type mice at 48 h, which 

decreased to similar levels in all groups of mice. These reciprocal changes of 

IL18 and IL2 implied inverse relationships between these cytokines.  
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As shown above, IL2 from IL18-deficient splenocytes was suppressed by 

additional IL18 administration. Since naive CD4+ and Th2 cells express little 

IL18 receptors (30), IL18 is supposed to inhibit IL2 secretion from Th1 cells. 

Besides allergic disease, proinflammatory cytokines, such as IL1, IL2, IL12, 

IL18, TNF and IFNγ, are key features in acute graft-versus-host disease, and 

the balance between Th1 and Th2 cytokines determines end organ damage 

(31). Zeiser et al. reported that regulatory T cells (Tregs) did not expand 

without IL18, not like CD4+ T cells in murine bone marrow transplantation 

model (32). No Tregs differentiate when splenocytes are co-cultured with 

IL18-deficient DCs (33).   

Since T cells become resistant to suppression by Tregs in the presence of high 

doses of IL2 (34), and IL18 is necessary for adaptive/inducible Treg 

differentiation (32,33), Treg population of CD4+ splenocytes were analyzed 

to reveal that this was not changed by OVA sensitization/challenge in IL18-

deficient mice, which increased in wild-type mice. The latent or baseline Treg 

populations of IL18-deficient mice were similar to those of OVA-

sensitized/challenged wild-type mice, which might be due to systemically 

different roles of IL18 on Treg differentiation/proliferation. Furthermore, 

IL4+ and IFNγ+ splenocytes expanded by ovalbumin stimulation in IL18-

deficiency, which was in perfect accordance with previous studies (32,33). In 

other words, inducible/adaptive Tregs are supposed not to differentiate upon 

allergen sensitization/challenge in IL18-deficiency, and IL4+ and IFNγ + 

splenocytes overcome the suppression of natural/thymic Tregs in excess IL2 

environment.  

Natural/thymic Tregs constitute 5%-10% of the peripheral T cells in humans 

and mice. They do not proliferate in response to either polyclonal anti-CD3 

stimulation or antigenic stimulation, and inhibit the proliferative response of 

CD4+CD25- T cells (35). However, CD4+CD25+high Foxp3+ cells have 

been also induced in the periphery, in an antigen-specific fashion, through 

low-dose antigen exposure (36). 
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In wild-type mice of the present study, Treg population was nearly double-

fold higher in allergic group than in control group, and OVA stimulation did 

not expanded Th1 and Th2 cells, which were in line with the earlier study (37). 

Whereas, in IL18-deficient mice, additional Tregs were not induced by OVA 

sensitization/challenge, and CD4+ T cells proliferated by OVA stimulation. 

Increased Tregs in OVA-challenged wild-type mice are supposed to be 

induced by allergen, that is, OVA-specific Tregs. Allergen-specific Tregs are 

recruited at allergen challenge sites (37). In the same paper, immune 

suppressive cytokines, such as IL10 and TGF-beta, were associated with lung 

allergic inflammation, not with CD4+Foxp3+ Tregs. These lung Tregs of 

allergic asthma murine model efficiently suppressed effector T cell 

proliferation, but not Th2 cytokine production. 

Most previous studies adopted allergic asthma models and analyzed cytokine 

profiles in BALF to investigate the role of IL18, which is the most different 

aspect from this study. In present study, we analyzed the phenotypes, such as 

sneezing and nasal rubbing, of allergic rhinitis and cytokine mRNA profiles in 

the nasal mucosa.  

The most conflicting results to this study is those of Kodama et al., which 

reported that allergen-induced AHR and eosinophil count in BALF was 

aggravated in IL18-deficient mice (17). In the same article, IL13 was not 

assayed in the BALF, which is known to be directly related with AHR. IL13-

mediated AHR and eosinophilic inflammation is through the recruitment, 

homing, and activation of inflammatory cells (38). This AHR seems to be 

related with direct action of IL13 on airway smooth muscles, but not with IgE 

and eosinophil infiltration (3). When OVA was challenged frequently, that is 

for 24 times, IL13 and AHR showed lower levels in IL18 deficient mice than 

in wild-type mice, while higher eosinophil count in BALF (19). Furthermore, 

other study had reported that IL18-deficiency could not provoked AHR in the 

same methods of allergen sensitization/challenge (39). 
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These diverse effects of IL18-deficiency on AHR might come from different 

frequency and duration of local challenge. Since IL18 is a pro-inflammatory 

cytokine, secreted prior to inflammatory cytokines including IL4 and IL13, it 

might take time to develop allergic phenotype and inflammatory cell 

migration. The number of local challenge is supposed to more related with 

allergic phenotype in the peripheral organs than in systemic immune response.  

Another reason on phenotype differences between this study and other studies 

with asthma model is adoption of different parameters to evaluate allergic 

phenotype. In this study, allergic symptoms were analyzed by means of 

sneezing and nasal rubbing, whereas AHR was adopted in asthma models. As 

described earlier, sneezing and nasal rubbing or itching is induced by 

mediators such as histamine et al. However, AHR is provoked by direct 

actions of IL13 on airway smooth muscle, which was also upregulated in the 

nasal mucosa. IL18 is known to stimulate histamine release form basophils 

(40). 

Distinction in cytokine profiles might result from technical issues. In this 

study, nasal cytokines were assayed using real-time quantitative PCR methods, 

after harvesting all the nasal mucosa. However, lavage technique have been 

used in allergic asthma model of earlier studies. Lavage fluid contains only 

cytokines and mediators from the cells abutting to the airway lumen, which 

was not in the nasal mucosal cells of this study.  

Limitations of current studies are as follows. First, cytokine profiles of the 

nasal mucosa are based on mRNA assay, with possibility of post-

transcriptional modification. However, these mRNA expression is supposed to 

correlate well with protein levels, when considering mRNA levels of Th1 and 

Th2 cytokines in wild-type mice. Second, identification of infiltrated 

lymphocytes is necessary to clarify the effect of IL18 on Tregs/CD4+ T cells, 

which might be technically difficult. Additionally, further evaluation on 

lymphocyte chemotaxis by IL18 is necessary. Third, inflammatory mediators 

such as histamine and eotaxin should be assayed in the nasal cavity, to define 
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the role of IL18 in the peripheral organ, especially in the nose. Fourth, The 

role of IL18 on B cells should be elucidated, especially focused on IgE 

isotype class switching.  

IL18 has been known to have a complicated role in asthma murine models. 

Deletion of IL18 by continuous anti-IL18 before sensitization increase 

pulmonary eosinophilia. (17) In contrast, exogenous IL18 via nasal challenge 

enhances eotaxin, Th2 cytokines and eosinophilic inflammation in the lung. 

(3,9,18,41) Thus, the function of endogenous IL18 in allergic inflammation is 

not well elucidated, warranting the analysis of the effect by genetic ablation of 

IL18 in allergic inflammation, just like this study. However, there has been 

contradictory reports even in IL18-deficient asthma murine model. (17-19,39) 

Th2-promoting effects of IL18 or IL18-deficiency is not by direct actions on 

Th2 cells, since Th2 cells have no IL18R. (42) 

This is the first report demonstrating that IL18 can modulate adaptive and 

innate immunity via IL2 and IL12 in allergic response, to prevent vigorous 

response against allergens.  

In summary, IL18 is assumed to be necessary for differentiation and immune 

regulatory function of allergen-induced CD4+CD25+Foxp+ cells (Tregs). 

This cytokine is supposed also to have critical role in homeostasis of immune 

system by regulation of IL2 and allergen-specific effector T cell proliferation 

(Figure 14). Locally, especially in the nose, this pro-inflammatory cytokine 

might modulate innate immune responses through IL2 regulation, to prevent 

exaggerated local inflammation by allergens. Possibly, the role of IL18 in 

allergic inflammation is to maintain immune homeostasis rather than to 

enhance Th1/Th2 response. 



 

 

22 

                    REFERENCES 

 

1. Okamura H, Tsutsi H, Komatsu T, Yutsudo M, Hakura A, Tanimoto 

T, et al. Cloning of a new cytokine that induces IFN-gamma 

production by T cells. Nature. 1995 Nov 2;378(6552):88–91.  

2. Hoshino T, Yagita H, Ortaldo JR, Wiltrout RH, Young HA. In vivo 

administration of IL-18 can induce IgE production through Th2 

cytokine induction and up-regulation of CD40 ligand (CD154) 

expression on CD4+ T cells. Eur J Immunol. 2000 Jul;30(7):1998–

2006.  

3. Campbell E, Kunkel SL, Strieter RM, Lukacs NW. Differential roles 

of IL-18 in allergic airway disease: induction of eotaxin by resident 

cell populations exacerbates eosinophil accumulation. J Immunol. 

2000 Jan 15;164(2):1096–102.  

4. Lee KS, Kim SR, Park SJ, Min KH, Lee KY, Jin SM, et al. 

Antioxidant down-regulates interleukin-18 expression in asthma. Mol 

Pharmacol. 2006 Oct;70(4):1184–93.  

5. Sugimoto T, Ishikawa Y, Yoshimoto T, Hayashi N, Fujimoto J, 

Nakanishi K. Interleukin 18 acts on memory T helper cells type 1 to 

induce airway inflammation and hyperresponsiveness in a naive host 

mouse. J Exp Med. 2004 Feb 16;199(4):535–45.  

6. Hata H. IL-18 together with anti-CD3 antibody induces human Th1 

cells to produce Th1- and Th2-cytokines and IL-8. Int Immunol. 2004 

Oct ;16(12):1733–9.  

7. Birrell MA, Eltom S. The role of the NLRP3 Inflammasome in the 

pathogenesis of airway disease. Pharmacol Ther. 2011 

Jun;130(3):364–70.  

8. Harada M, Obara K, Hirota T, Yoshimoto T, Hitomi Y, Sakashita M, 

et al. A functional polymorphism in IL-18 is associated with severity 



 

 

23 

of bronchial asthma. Am J Respir Crit Care Med. 2009 

Dec;180(11):1048–55.  

9. Wild JS, Sigounas A, Sur N, Siddiqui MS, Alam R, Kurimoto M, et al. 

IFN-gamma-inducing factor (IL-18) increases allergic sensitization, 

serum IgE, Th2 cytokines, and airway eosinophilia in a mouse model 

of allergic asthma. J Immunol. 2000 Mar;164(5):2701–10.  

10. Ishikawa Y, Yoshimoto T, Nakanishi K. Contribution of IL-18-

induced innate T cell activation to airway inflammation with mucus 

hypersecretion and airway hyperresponsiveness. Int Immunol. 2006 

Jun;18(6):847–55.  

11. Hitomi Y, Ebisawa M, Tomikawa M, Imai T, Komata T, Hirota T, et 

al. Associations of functional NLRP3 polymorphisms with 

susceptibility to food-induced anaphylaxis and aspirin-induced 

asthma. J Allergy Clin Immunol. 2009 Oct;124(4):779–85.e6.  

12. El-Mezzein RE, Matsumoto T, Nomiyama H, Miike T. Increased 

secretion of IL-18 in vitro by peripheral blood mononuclear cells of 

patients with bronchial asthma and atopic dermatitis. Clin Exp 

Immunol. 2001 Nov;126(2):193–8.  

13. Hayashi N, Yoshimoto T, Izuhara K, Matsui K, Tanaka T, Nakanishi 

K. T helper 1 cells stimulated with ovalbumin and IL-18 induce 

airway hyperresponsiveness and lung fibrosis by IFN-  and IL-13 

production. Proc Nat Acad Sci. 2007 Sep 5;104(37):14765–70.  

14. Verhaeghe B, Gevaert P, Holtappels G, Lukat KF, Lange B, Van 

Cauwenberge P, et al. Up-regulation of IL-18 in allergic rhinitis. 

Allergy. 2002 Sep;57(9):825–30.  

15. Kim SW, Jeon YK, Won TB, Dhong HJ, Min JY, Shim WS, et al. 

Effects of corticosteroids on expression of interleukin-18 in the 

airway mucosa of a mouse model of allergic rhinitis. Ann Otol Rhinol 

Laryngol. 2007 Jan;116(1):76–80.  



 

 

24 

16. Yoshimoto T, Mizutani H, Tsutsui H, Noben-Trauth N, Yamanaka K, 

Tanaka M, et al. IL-18 induction of IgE: dependence on CD4+ T cells, 

IL-4 and STAT6. Nat Immunol. 2000 Aug;1(2):132–7.  

17. Kodama T, Matsuyama T, Kuribayashi K, Nishioka Y, Sugita M, 

Akira S, et al. IL-18 deficiency selectively enhances allergen-induced 

eosinophilia in mice. J Allergy Clin Immunol. 2000 Jan;105(1 Pt 

1):45–53.  

18. Salagianni M, Wong KL, Thomas MJ, Noble A, Kemeny DM. An 

essential role for IL-18 in CD8 T cell-mediated suppression of IgE 

responses. J Immunol. 2007 Apr;178(8):4771–8.  

19. Yamagata S, Tomita K, Sato R, Niwa A, Higashino H, Tohda Y. 

Interleukin-18-deficient mice exhibit diminished chronic 

inflammation and airway remodelling in ovalbumin-induced asthma 

model. Clin Exp Immunol. 2008 Dec;154(3):295–304.  

20. van Wijk RG, Zijlstra FJ, van Toorenenbergen AW, Vermeulen A, 

Dieges PH. Isolated early response after nasal allergen challenge is 

sufficient to induce nasal hyperreactivity. Ann Allergy. 1992 

Jul;69(1):43–7.  

21. Hoshino T, Kawase Y, Okamoto M, Yokota K, Yoshino K, 

Yamamura K-I, et al. Cutting Edge: IL-18-Transgenic Mice: In Vivo 

Evidence of a Broad Role for IL-18 in Modulating Immune Function. 

J Immunol. 2001 Jun 1;15(166):7014–8.  

22. Manetti R, Gerosa F, Giudizi MG, Biagiotti R, Parronchi P, Piccinni 

MP, et al. Interleukin 12 induces stable priming for interferon gamma 

(IFN-gamma) production during differentiation of human T helper 

(Th) cells and transient IFN-gamma production in established Th2 

cell clones. J Exp Med. 1994 Apr;179(4):1273–83.  

23. Yoshimoto T, Okamura H, Tagawa YI, Iwakura Y, Nakanishi K. 

Interleukin 18 together with interleukin 12 inhibits IgE production by 



 

 

25 

induction of interferon-gamma production from activated B cells. 

Proc Natl Acad Sci USA. 1997 Apr 15;94(8):3948–53.  

24. Wu C, Yang G, Bermudez-Humaran LG, Pang Q, Zeng Y, Wang J, et 

al. Immunomodulatory effects of IL-12 secreted by Lactococcus lactis 

on Th1/Th2 balance in ovalbumin (OVA)-induced asthma model 

mice. Int Immunopharmacol . 2006 Apr;6(4):610–5.  

25. Matsubara S, Takeda K, Kodama T, Joetham A, Miyahara N, Koya T, 

et al. IL-2 and IL-18 Attenuation of Airway Hyperresponsiveness 

Requires STAT4, IFN- , and Natural Killer Cells. Am J Resp Cell 

Mol Biol. 2006 Sep 21;36(3):324–32.  

26. Wilson MS, Pesce JT, Ramalingam TR, Thompson RW, Cheever A, 

Wynn TA. Suppression of murine allergic airway disease by IL-2: 

anti-IL-2 monoclonal antibody-induced regulatory T cells. J Immunol. 

2008;181(10):6942–54.  

27. Ng THS, Britton GJ, Hill EV, Verhagen J, Burton BR, Wraith DC. 

Regulation of adaptive immunity; the role of interleukin-10. Front 

Immunol. 2013;4:129.   

28. Lim S, Crawley E, Woo P, Barnes PJ. Haplotype associated with low 

interleukin-10 production in patients with severe asthma. Lancet. 

1998 Jul 11;352(9122):113.  

29. Igarashi Y, Goldrich MS, Kaliner MA, Irani AM, Schwartz LB, 

White MV. Quantitation of inflammatory cells in the nasal mucosa of 

patients with allergic rhinitis and normal subjects. J Allergy Clin 

Immunol. 1995 Mar;95(3):716–25.  

30. Nakanishi K, Tsutsui H, Yoshimoto T. Importance of IL-18-induced 

super Th1 cells for the development of allergic inflammation. 

Allergol Int. 2008 Jun 10;59(2):137–41.  

31. Nikolic B, Lee S, Bronson RT, Grusby MJ, Sykes M. Th1 and Th2 

mediate acute graft-versus-host disease, each with distinct end-organ 

targets. J Clin Invest. 2000 May;105(9):1289–98.  



 

 

26 

32. Zeiser R, Zambricki EA, Leveson-Gower D, Kambham N, Beilhack 

A, Negrin RS. Host-derived interleukin-18 differentially impacts 

regulatory and conventional T cell expansion during acute graft-

versus-host disease. Biol Blood Marrow Transplant. 2007 

Dec;13(12):1427–38.  

33. Oertli M, Sundquist M, Hitzler I, Engler DB, Arnold IC, Reuter S, et 

al. DC-derived IL-18 drives Treg differentiation, murine Helicobacter 

pylori-specific immune tolerance, and asthma protection. J Clin Invest. 

2012 Mar 1;122(3):1082–96.  

34. la Rosa de M, Rutz S, Dorninger H, Scheffold A. Interleukin-2 is 

essential for CD4+CD25+ regulatory T cell function. Eur J Immunol. 

2004 Sep;34(9):2480–8.  

35. Larché M. Regulatory T cells in allergy and asthma. Chest. 2007 

Sep;132(3):1007–14.  

36. Apostolou I, Boehmer von H. In vivo instruction of suppressor 

commitment in naive T cells. J Exp Med. 2004 May 

17;199(10):1401–8.  

37. Faustino L, Mucida D, Keller AC, Demengeot J, Bortoluci K, 

Sardinha LR, et al. Regulatory T cells accumulate in the lung allergic 

inflammation and efficiently suppress T-cell proliferation but not Th2 

cytokine production. Clin Dev Immunol. 2012;2012:721817.  

38. Wills-Karp M. IL-12/IL-13 axis in allergic asthma. J Allergy Clin 

Immunol. 2001 Jan;107(1):9–18.  

39. Hartwig C, Tschernig T, Mazzega M, Braun A, Neumann D. 

Endogenous IL-18 in experimentally induced asthma affects cytokine 

serum levels but is irrelevant for clinical symptoms. Cytokine. 2008 

Jun;42(3):298–305.  

40. Yoshimoto T, Tsutsui H, Tominaga K, Hoshino K, Okamura H, Akira 

S, et al. IL-18, although antiallergic when administered with IL-12, 



 

 

27 

stimulates IL-4 and histamine release by basophils. Proc Natl Acad 

Sci USA. 1999 Nov;96(24):13962–6.  

41. Kumano K, Nakao A, Nakajima H, Hayashi F, Kurimoto M, 

Okamura H, et al. Interleukin-18 enhances antigen-induced eosinophil 

recruitment into the mouse airways. Am J Respir Crit Care Med. 1999 

Sep;160(3):873–8.  

42. Xu D, Chan WL, Leung BP, Hunter D, Schulz K, Carter RW, et al. 

Selective expression and functions of interleukin 18 receptor on T 

helper (Th) type 1 but not Th2 cells. J Exp Med. 1998 Oct 

19;188(8):1485–92.  



 

 

28 

 

 

Figure 1. Schematic illustration of experimental protocol. mice were 

sensitized by means of intraperitoneal (I.P.) injection of 25 ug of ovalbumin 

(OVA) and 2 mg of aluminum hydroxide (alum) in 300 uL of phosphate-

buffered saline (PBS) on 3 occasions spaced 1 week apart. One week after the 

last sensitization (day 21), mice were then challenged via the airways from 

days 21 to 27, using nebulized 2% OVA solution (1 g/50 mL of PBS) with an 

ultrasonic nebulizer (Aznell Inc., Osaka, Japan). Mice were humanely killed 

for analyses 24 hours after nasal provocation with OVA (day 29). 10 mice 

were used in each group. Arrows indicate OVA and alum i.p. injection; black 

triangles, OVA or PBS challenge; and star, humanely killed. 
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Figure 2. Mean number of sneezing and nasal rubbing after ovalbumin 

provocation. The nasal symptom score of sensitized wild-type mice was 15.7 

± 2.6, significantly higher than the control group (2.71 ± 0.75, P < 0.01). The 

scores of the control and sensitized IL18-deficient groups were 3.00 ± 0.63 

and 2.56 ± 0.82, respectively, significantly lower than that of sensitized wild-

type mice (P < 0.01 for both comparisons). Error bars represent SEM.  
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Figure 3. Eosinophil infiltration in the nasal mucosa. (above) Histologic 

findings of the nasal mucosa in each group (x400 magnification,Sirius red 

staining). The sections from ovalbumin-sensitized wild type mice show 

aggressive eosinophil infiltration. (below) The eosinophil count in the nasal 

mucosa of the sensitized wild-type group was 30.0 ± 6.0, significantly higher 

than those of the control (2.0 ± 0.91, P < 0.05) and IL18-deficient groups (0.2 

± 0.2, P < 0.05). The eosinophil count of sensitized IL18-deficient mice (7.0 ± 

4.04) was somewhat less than that of sensitized wild-type mice (P = 0.49), but 

did not differ from that of non-sensitized IL18-deficient mice (P = 0.81). 

Error bars represent SEM. 
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Figure 4. Mean serum immunoglobulin levels. The total IgE level in 

sensitized wild-type mice (1,061.04 ± 229.51 ng/mL) is significantly greater 

than those in control and sensitized IL18-deficient mice (137.84 ± 129.37 

ng/mL; 212.38 ± 55.93 ng/mL respectively, both P values < 0.01). OVA-

specific IgE and IgG1 levels in se  ㅍ nsitized wild-type mice are 

significantly higher than in control and sensitized IL18- deficient mice (both P 

values < 0.01). The OVA-specific IgG2a level in sensitized wild-type mice is 

comparable to that of sensitized IL18-deficient mice (Mann-Whitney test, P = 

0.29). Error bars represent SEM. 
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Figure 5. Real time RT-PCR of cytokine mRNAs in the nasal tissue. 

Messenger RNAs encoding IL4, IL5, IL10, and IL13 are upregulated in the 

nasal mucosa of sensitized wild-type mice compared to non-sensitized mice, 

but this is not true of mRNA encoding IFNγ. In IL18-deficient mice, IL4, IL5, 

IL10, IL13, and IFNγ mRNAs are significantly upregulated in the sensitized 

group. Error bars represent SEM. 
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Figure 6. Cytokine profiles by ovalbumin stimulation in splenocyte culture 

supernatant. IL4, IL5, IL10, IL13, and IFNγ production by splenocytes of 

both types of mice are significantly increased by OVA stimulation. However, 

no difference between sensitized mice of either group is evident.  Error bars 

represent SEM. 
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Figure 7. Real-time RT-PCR of IL2, IL12 and IL18 mRNA in nasal tissue. 

IL2 and IL12 mRNA expression was more increased in IL18 deficient mice 

than in wild mice. IL12 mRNA expression was increased in sensitized IL18 

deficient mice when compared with non-sensitized mice (*P < 0.05). This was 

similar, but not significant in case with IL2 mRNA expression. IL18 mRNA 

expression looked similar in wild mice with regardless of sensitization. Error 

bars represent SEM.   
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Figure 8. IL18 level changes by ovalbumin stimulation in wild-type mice 

splenocyte. The mean IL18 level is significantly lower only in sensitized wild-

type mice when splenocytes are cultured with OVA for 48 h (56.96 ± 28.86 

pg/mL vs. 142.51 ± 43.41 pg/mL, P = 0.02). At 72 h, the IL18 level increases 

in both groups of wild-type mice. However, no difference is evident between 

the two groups (216.96 ± 17.02 pg/mL vs. 226.31 ± 55.86 pg/mL, P > 0.05). 

*P < 0.05 in the sensitized mice, **P < 0.05 between the control and 

sensitized groups. Error bars represent SEM.  



 

 

36 

 

3h
r 6h
r

12
hr

48
hr

72
hr24
hr

-20

0

20

40

60

WT, PBS

WT, OVA

IL18-/-, PBS

IL18-/-, OVA
*

**
m

ea
n 

IL
2 

le
ve

l
pg

/m
L

 

Figure 9. Time curve of IL2 levels in the splenocyte culture supernatant. IL2 

levels of the sensitized IL18 deficient mice are significantly higher than those 

of the wild-type counterpart at 48hr (48.83 ± 4.10 pg/mL vs. 31.70 ± 2.53 

pg/mL). At 72 h, all groups have similar IL2 levels, with the lowest level 

noted in sensitized wild-type mice. (Mann-Whitney U test, *P < 0.05 

sensitized groups vs. non-sensitized groups, **P = 0.02 vs. OVA-sensitized 

wild-type mice) Error bars represent SEM. 
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Figure 10. IL2 level changes by IL18 pretreatment. The splenocytes from 

IL18 deficient mice were stimulated with ovalbumin for 48 h. IL18 was added 

to the cell suspension prior to ovalbumin stimulation, with concentrations of 0, 

0.25 ng/mL, and 2.5 ng/mL. Splenocyte culture supernatant was obtained at 

each time point of 24 h and 48 h for determination of IL2 levels. IL2 

concentration ratios were calculated by dividing the IL2 levels at 48 h by 

those at 24 h. These ratios decrease in sensitized mice treated with IL18 (2.67 

± 0.63 vs. 0.84 ± 0.24, P < 0.05), but not in non-sensitized mice. Error bars 

represent SEM. 
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Figure 11. Effects of IL18 on Treg population in the splenocytes. In wild mice, 

Treg proportion is higher in the OVA-sensitzed/challenged group than in the 

PBA-sensitized/challenged group (1.32 ± 0.16 % vs. 7.18 ± 0.27 %, *P < 

0.01). In IL18-deficient mice, Treg proportion is elevated to the similar level 

of OVA-sensitized/challenged wild mice, with regardless of OVA 

administration.. **P < 0.01 vs. the negative control. Error bars represent SEM. 

Dots represent individual mouse.  
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Figure 12. Changes of IL4+ and IFNɣ+ cell population in CD4+ splenocytes 

after ovalbumin stimulation. In sensitized IL18-deficient mice, IL4+ and 

IFNγ+ cell levels increase significantly upon OVA stimulation (both P values 

< 0.01). However, no other groups exhibit a significant difference in such cell 

populations, with or without OVA stimulation.  *P < 0.01, Mann-Whitney 

test. Dots represent individual mouse. 
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Figure 13. lymphocytes in the nasal mucosa. Histologic findings of the nasal 

septum in each group (x100 magnification, Sirius red staining). Unlike wild-

type mice, IL18-deficient mice show lymphocyte infiltration, which is more 

evident in OVA-challenged mice (lower right) than in PBS-challenged control 

(lower left).  
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Figure 14. Schematic diagram of IL18 in allergic response. IL18 is assumed to 

be necessary for differentiation and immune regulatory function of allergen-

induced Tregs. This cytokine is supposed also to have critical role in 

homeostasis of immune system by regulation of IL2 and allergen-specific 

Treg induction. (solid line: provocative and/or necessary action, dotted line: 

inhibitory action) 
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Table 1. Sequence of primers for reverse transcription-polymerase chain 
reaction 

Primer Sequence Size, bp 

IL2 
5′-GCAGGATGGAGAATTACAGGA-3’ 
5′-TGAAATTCTCAGCATCTTCCAA-3′ 

183 

IL12 
5′-AGGTGCGTTCCTCGTAGAGA-3′ 

5′-AAAGCCAACCAAGCAGAAGA-3′ 
241 

IL18 
5′-GGCCCAGGAACAATGGCTGCC-3′ 
5′-GGGTCACAGCCAGTCCTCTTAC-3′ 

323 

GAPDH 
5′-ACCACAGTCCATGCCATCAC-3 
5′-TCCACCACCCTGTTGCTGTA-3′ 

451 

Abbreviations: IL, interleukin 
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국문  초록  
 

인터루킨 18 (IL18)은 interferon ɣ (IFNɣ) 분비를 유도하는 염증전구물질

(proinflammatory cytokine)으로 알려졌으나, 최근의 보고에서는 알레르기 천

식 생쥐 모델에서 혈청 IgE를 증가시키고, 호산구의 기도침윤을 유도하는 

것이 보고된 바 있다. 또한, 난알부민단백(ovalbumin)으로 알레르기 천식을 

유도한 모델에서는 폐포세척액에 포함된 대식구(macrophage)와 기도상피세

포에서 IL18의 발현이 증가된 것이 알려져 있다. IL18에 의해 자극된 Th1 

세포를 항원과 함께 투여한 생쥐에서 IFNɣ, IL9, IL13 그리고 GM CSF등의 

분비가 증가하는 것이 관찰되어, 기도에서 급성의 알레르기 염증반응을 일

으키는 역할을 할 것으로 생각되기도 한다.  

IL2는 림프구의 면역반응을 조절하는 사이토카인으로, 활성화된 T 림프구

에서 생산되어,  T 림프구와 NK cell의 cytolytic action을 강화한다고 알려져 

있다. 난알부민에 감작시킨 생쥐를 난알부민으로 국소자극하기 전에 IL2와 

IL18을 복강내에 주사한 실험에서는 각각의 사이토카인 단독으로는 알레르

기 증상을 호전시키지 못 했으나, 동시에 투여하면, 기도과민성이 약화되는 

것이 보고된 바 있다. 하지만, 알레르기 반응에서 IL2와 IL12에 대한 IL18

의 역할이나, 상호간의 상관관계에 대해서는 알려진 바가 없다.  

본 실험에서는 IL18 유전자 결핍생쥐(IL18 KO 생쥐, C57BL/6 background)를 

사용하여, 알레르기 비염 모델을 제작하였고, 대조군으로 C57BL/6 wild type 
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생쥐를 이용하여 알레르기 염증반응에서 IL18의 역할을 규명하고자 하였다.  

대조군 및 IL18 KO 생쥐의 복강에 난알부민단백을 일주일간격으로 총 3 

회 주사하여, 전신감작을 유도한 후, 분무기(nebulizer)를 사용하여, 일주일

간 난알부민단백을 기도에 흡입시켜 비강에 알레르기 염증을 유도하였다. 

이 후 양군간에 알레르기 비염 증상점수, 호산구의 비강 점막침윤의 정도, 

비강내 점막에서의 Th1 및 Th2 사이토카인 mRNA의 발현, 비장세포 배양

액(splenocyte culture supernatant)에서의 Th1 a및 Th2 사이토카인의 분비능, 

IL2의 시간대에 따른 분비능, IL18에 의한 IL2의 분비조절, 

CD4+CD25+Foxp3+ cell의 비율 그리고, CD4+ splenocyte에서의 난알부민 자

극에 의한 Th1 및 Th2 cell로의 증식 정도를 비교하였다.  

IL18 KO 생쥐에서는 대조군에 비교해서 알레르기 증상이 발생하지 않았고, 

호산구의 비점막내로의 침윤도 저하되어 있었다.  Total IgE와 OVA-specific 

IgE의 혈청level도 대조군에 비해서 낮았다. 

IL18 KO 생쥐의 비점막에는 림프구가 현저하게 침윤되었고, 난알부민을 국

소자극시키면 더욱 악화되었다. Th1/Th2 사이토카인이 모두 대조군에 비해

서 증가되었으나, 호산구의 활성화와 관련된 IL5는 대조군에 비해서 낮게 

발현되었다. 활성화된 대식구/수지상세포(dendritic cell)에서 분비되는 IL12는 

대조군과 달리, 항원으로 자극한 IL18 KO 생쥐에서는 증가하였다.  

비장세포 배양액에서 Th1/Th2 사이토카인은 대조군과 IL18 KO 군 모두 비

슷하게 정량되었으나, IL2는 IL18 KO 생쥐에서 대조군에 비해 많이 분비되
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었다. 또한, IL18은 난알부민에 감작된 경우에서 그렇지 않은 경우에 비해 

항원에 의해서 분비량이 현저히 줄어드는 경향을 보였고, IL2의 분비를 억

제하였다.  

비장세포에서 CD4+CD25+Foxp3+ cell은 OVA에  감작된 대조군의 경우에는 

증가된 것이 관찰되었으나, IL18 KO 생쥐에서는 난알부민에 대한 감작 여

부에 따른 변화가 없었다. IL18 KO 생쥐의 비장세포를 난알부민으로 자극

시키면, Th1/Th2 cell이 증가하는 것이 관찰되었다.  

결론적으로, IL18은 알레르기 반응시에 항원에 의한 Treg의 유도에 (induced 

Treg) 필수적이고, IL2의 분비를 조절해서, effector T cell의 증식

(proliferation/expansion)을 억제함으로 면역계 항상성(immune homeostasis)을 

유지하는 역할을 한다고 추정된다. 또한, 말초장기에서는 비점막의 대식구

나 수지상세포에서 분비되는 IL12의 분비를 조절하여, 특정항원에 대한 선

천면역(innate immunity) 반응을 조절하는 것으로 추정된다.  

 

------------------------------------- 

주요어  : 알레르기 비염, IL18, IL2, IL12, 면역조절세포 
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