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I. Summary 

Interleukin-1 (IL-1) is one of inflammatory cytokines and two types of receptor, type 1 and type 2, 

are known. Although IL-1 receptor type 2 (IL-1R2) is thought to be a decoy receptor, its 

pathophysiological roles and cell specificity remain to be elucidated. In chapter III, I attempted to 

solve these problems. When collagen-induced arthritis was performed, Il1r2-/- mice developed 

severer arthritis than wild-type (WT) mice. Surprisingly, the inhibitory effect of IL-1R2 was 

observed only on macrophages but not on neutrophils which highly express IL-1R2. Furthermore, I 

investigated intracellular roles of IL-1R2 in chapter IV, because intracellular functions of IL-1R2  

are suggested in addition to the decoy receptor function. I found that IL-1R2 promotes Th17 

differentiation in a IL-1 signal independent manner, suggesting an intracellular role of IL-1R2. I 

showed that IL-1R2 controls the transcription of RORγ(t)-dependent genes in collaboration with 

IL-1α. 
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II. Introduction 

Functions of interleukin-1 (IL-1) 

IL-1, consisting of two molecular species IL-1α and IL-1β, is an inflammatory cytokine that plays 

important roles in host defense against infection and inflammatory diseases (1, 2). IL-1 induces cell 

adhesion molecules, cytokines and chemokines in various types of cells including epithelial cells, 

endothelial cells, synovial cells and macrophages to induce inflammation. Especially, IL-1 disrupts 

vascular stability through induction of vasodilators and internalization of VE-cadherin on epithelial 

cells, causing exudation of fluid from blood vessels (3). IL-1 is also involved in the development of 

fever by inducing PGE2 in the hypothalamus (4-6), activation and proliferation of lymphocytes (7), 

development of autoimmunity by breaking tolerance of T cells (8), bone resorption and erosion by 

activating osteoclasts (9, 10), regulation of lipid metabolism by regulating insulin secretion (11), 

and regulation of body weight by regulating sympathetic nerves (12).  

 

Secretory mechanism of IL-1 

Both IL-1α and IL-1β do not have signal sequence for secretion. They are secreted by unique 

mechanisms. Many types of cells constitutively express IL-1α, which is mainly localized at nuclei 

and is hardly secreted. When cells undergo necrosis, they release IL-1α with many other cellular 

contents. The molecules released upon necrosis which induce inflammation, like IL-1α, are called 
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danger-associated molecular patterns (DAMPs) (13). DAMPs include HSP70, HSP90, HMGB1, 

HDGF, SAP130 and S100 protein family members. There are also non-protein DAMPs such as 

ATP, DNA, RNA and uric acid crystal. Upon necrosis, Ca2+ influx induces activation of calpain and 

results in cleavage of full-length IL-1α to mature form. Full-length IL-1α has low biological 

activity than mature form (14). When cells are killed by NK cell-derived granzyme B, granzyme B 

itself cleaves full-length IL-1α to mature form. 

 In contrast to IL-1α, many types of cells do not express IL-1β in steady state. When 

myeloid cell sense pathogen-associated molecular patterns (PAMPs) or DAMPs, IL-1β is 

up-regulated in these cells. However full-length IL-1β has no biological effects. Caspase-1 

dependent cleavage is needed for generation of mature IL-1β, which have biological effects. 

Activation of caspase-1 is mediated by large protein complexes called inflammasome consisting of 

sensor molecule, adaptor molecule and caspase-1. Binding of sensor molecules, NLRP1, NLRP3 

and AIM2, to PAMPs or DAMPs, muramyl dipeptide, cathepsins and dsDNA respectively, results 

in oligomerization of inflammasome components. These sensor molecules bind to ASC, an adaptor 

molecule, via homotypic interaction of each pyrin domains (PYDs), then ASC recruits caspase-1 

via homotypic interaction of each caspase activation and recruitment domains (CARDs). NAIP 

family members are non-canonical sensor molecules, which do not contain PYDs. Binding of 

NAIP2 and NAIP5 to rod, a component of bacterial type III secretion systems, and flagellin, a 
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component of flagella, respectively results in formation of ligand-NAIP-NLRC4 complex, then 

NLRC4 recruits caspase-1 via homotypic interaction of each CARDs (15). Mature IL-1β is released 

by plasma-membrane rupture caused by pyroptosis, caspase-1 dependent cell death, concurrently 

with IL-1β maturation. IL-18, one of IL-1 family member, is produced, cleaved and released in 

same manner as IL-1β. There is an exception that neutrophils can process IL-1β by neutrophil 

elastase (16). 

 

Receptors for IL-1 

There are two receptors for IL-1; IL-1 receptor type 1 (IL-1R1) and IL-1 receptor type 2 (IL-1R2). 

Although IL-1α and IL-1β have low amino acid sequence homology, both bind IL-1R1, followed 

by the recruitment of IL-1 receptor accessory protein (IL-1RAcP). Then, MyD88 is recruited to the 

complex via homotypic interaction of the TIR (toll/interleukin-1 receptor) domains of each three 

molecules to activate NF-κB and AP-1 through the IRAK-TRAF6-TAK1 signaling pathway. 

IL-1R2 also binds IL-1. However, IL-1R2 cannot transduce the signal, because it lacks the TIR 

domain, which is essential for the association with MyD88, in its intracellular region (Fig. 1). It was 

reported that, when IL-1R2 was blocked by anti-IL-1R2 antibody, polymorphonuclear cell survival 

was prolonged and the expression of cytokines, chemokines and adhesion molecules in response to 

IL-1 was enhanced in monocytes (17). Overexpression of IL-1R2 could inhibit IL-1 signal in 



 7 

human 8387 sarcoma line (18) and human keratinocyte cell line HaCaT (19). Knockdown of 

IL-1R2 by siRNA results in upregulation of chemokine production from HaCaT upon stimulation 

with IL-1 (20). Transgenic mice, which express IL-1R2 in basal keratinocytes under control of 

human keratin 14 promoter, showed impaired inflammation during PMA-induced dermatitis (21). 

Therefore, the expression of IL-1R2 is rather inhibitory to IL-1 signaling, and IL-1R2 is thought to 

be a decoy receptor to attenuate IL-1 activity. However, the roles of IL-1R2 under physiological 

conditions and its cell specificity remain to be elucidated. 

 

Localization of IL-1R2 

IL-1R2 is type I membrane protein, which has three immunoglobulin-like domains in its 

extracellular region (Fig. 2). However not all IL-1R2 localize in cell surface (22). It’s probably 

because the signal sequence of IL-1R2 is very short. Although average lengths of signal sequence 

are 23.72 amino acid (aa) and 24.21 aa in mouse and human respectively (Fig. 3), signal sequences 

of both mouse and human IL-1R2 are 13 aa (Fig. 2). In addition, it is also known that 

trans-membrane IL-1R2 undergoes shedding. Ectodomain of IL-1R2 is processed by α-secretase or 

β-secretase and remaining trans-membrane fragment is processed by γ-secretase (23). Released 

soluble IL-1R2 has intact three immunoglobulin-like domains and IL-1 binding capacity.  
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Negative regulator of IL-1 

There are many negative regulator of IL-1 aside from IL-1R2. IL-1 receptor antagonist (IL-1Ra, 

gene symbol: Il1rn) is one of IL-1 specific negative regulators. Although IL-1Ra binds IL-1R1, 

IL-1Ra does not induce the signal, because IL-1Ra cannot recruit IL-1RAcP. Il1rn-/- mice 

spontaneously develop arthritis and psoriasis-like dermatitis in BALB/c background due to excess 

IL-1 signaling (24, 25). Other negative regulators also inhibit Toll-like receptors (TLRs) signaling, 

which use MyD88 to transduce intracellular signaling. But this is not in case of TLR3, which use 

TRIF to transduce intracellular signaling. SIGIRR, receptor for IL-37, inhibits IL-1 signal by two 

mechanisms. Extracellular domain of SIGIRR, which contains one immunoglobulin-like domain, 

interferes the heterodimerization of IL-1R1 and IL-1RAcP. Intracellular domain of SIGIRR, which 

contains TIR domain, competes with IL-1R1 for MyD88 binding (26). ST2, receptor for IL-33, 

contains TIR domain in its intracellular domain and inhibits IL-1 signal by competing with IL-1R1 

for MyD88 binding (27). And also, a lot of phosphatases and E3 ubiquitin ligases are involved in 

negative regulation of intracellular signaling of IL-1 (28). 
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FIGURE. 1 Schematic for the  IL-1 system 



FIGURE. 2 Amino acid sequences of mouse IL-1R2 and human IL-1R2.  
Amino acid sequences of mouse IL-1R2 and human IL-1R2 were aligned 
by ClustalW v2.1 server. Common amino acids were marked by 
asterisks. Signal sequences were predicted by SignalP v4.1 server. 
Domains were predicted by GENE3D v12.0 server. Trans membrane 
regions were predicted by SOSUI v1.11 server. 
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III-1. Abstract 

Interleukin-1α and interleukin-1β, the term IL-1 refers IL-1α and IL-1β, play important roles in 

host defense against infection and inflammatory diseases. IL-1R1 is the receptor for IL-1, and 

IL-1R2 is suggested to be a decoy receptor, because it lacks signal transducing TIR domain in the 

cytoplasmic part. The roles of IL-1R2 in health and diseases, however, remain largely unknown. 

Here, I showed that Il1r2-/- mice were highly susceptible to collagen-induced arthritis, an animal 

model for rheumatoid arthritis in which the expression of IL-1R2 is augmented in inflammatory 

joints. Il1r2 was highly expressed in neutrophils but only low in other cells including monocytes 

and macrophages. Antibody production and T cell responses against type II collagen were normal in 

Il1r2-/- mice. In spite of the high expression in neutrophils, no effects of Il1r2 deficiency were 

observed in neutrophils. However, I found that the production of inflammatory mediators in Il1r2-/- 

macrophages were greatly enhanced upon IL-1 stimulation. These results suggest that IL-1R2 is an 

important regulator of arthritis by acting specifically on macrophages as a decoy receptor for IL-1. 
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III-2. Introduction 

IL-1 in human diseases 

It is well known that IL-1 plays an important role in several autoinflammatory diseases such as 

Familial Mediterranean fever (FMF) and cryopyrin-associated periodic syndrome (CAPS) (29). 

FMF is characterized by recurrent bouts of fevers, serositis and arthritis. People who have mutation 

in MEFV gene, coding pyrin, develop FMF during childhood. Pyrin interacts with ASC via 

homotypic interaction of each PYDs to prevent formation of inflammasome (30). Therefore, 

loss-of-function mutations in MEFV gene result in spontaneous activation of inflammasome 

followed by secretion of mature IL-1β. CAPS is characterized by systemic inflammation, joint 

deformities and developmental disabilities. People who have activating mutation in NLRP3 gene, 

also known as cryopyrin, develop CAPS during childhood due to overproduction of IL-1β. 

Rheumatoid arthritis (RA) is a typical autoimmune disease affecting approximately 1% of people 

worldwide, irrespective of races. RA is characterized by chronic inflammation of synovial tissues in 

multiple joints that causes swelling of joints, pain, joint deformity, and loss of joint function. Line 

of Studies using animal models demonstrated that IL-1 is involved in RA (29, 31), and blockade of 

IL-1 signal can mildly remedy RA (32). But today, anti-TNF therapy and anti-IL-6 therapy are 

recommended as the first-line therapy for RA patients who have failed to recover by chemical 

treatments, since these are more effective than anti-IL-1 therapy. Because the concentration of 



 15 

soluble IL-1R2 protein is increased in the synovial fluid (33) and plasma (34, 35) in RA patients 

and the promoter region of IL1R2 gene is hypomethylated in RA patients’ PBMC (35), the 

involvement of IL-1R2 is suggested in the pathogenesis. 

 

Mouse models for RA 

There are many mouse models to study pathogenesis of RA (36). The pathogenesis of these models 

have similarities and differences to each other. This should be same with the pathogenesis of RA, 

because each treatments are effective for not all RA patients. Genetically engineered spontaneous 

arthritis models, such as Il1rn-/- mice (24), HTLV-1 transgenic mice (37), TNF-α transgenic mice 

(38), SKG mice (39) and so on, are useful to understand how auto-reactive T cells and antibodies 

are generated. To investigate the roles of objective genes, it is demanded to generate mice deficient 

for these gene with another gene-modification for spontaneous arthritis. But this method is 

time-consuming especially when the genetic background of spontaneous arthritis model does not 

match that of deficient mice for objective gene. Induced arthritis models, such as Collagen-induced 

arthritis (CIA) (40), collagen-antibody-induced arthritis (CAIA) (41), antigen-induced arthritis 

(AIA) (42, 43) and so on, are good models to investigate the roles of objective genes in the 

pathogenesis of arthritis. On the other hands, these models are not suitable to understand how 

auto-reactive T cells and antibodies are generated, because these are generated by immunization of 
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antigens for induction of CIA and AIA, or auto-reactive antibodies are directly transferred for 

induction of CAIA. Proper arthritis models are to be selected for individual experiments. 

 

Purpose of study in chapter 1 

In Chapter 1, I investigated the role of IL-1R2 in the pathogenesis of arthritis by using Il1r2-/- mice. 

My results demonstrate that IL-1R2 is an important negative regulator of CIA by suppressing IL-1 

functions in macrophages as a decoy receptor. 
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III-3. Materials and methods 

Mice 

C57BL/6J mice were purchased from Japan SLC (Hamamatsu, Japan) and kept in our mouse rooms 

for at least one week before use. Age- (7-10-week-old) and sex-matched mice were used for all 

experiments. Rag2-/- mice were obtained from the Central Institute for Experimental Animals. 

Il1rn-/- mice were generated as previously described (5) and backcrossed to C57BL/6J mice for 

eight generations. Il1rn-/-Il1r2-/- mice were obtained by crossing Il1rn-/- mice and Il1r2-/- mice. 

Il1r1-/- mice were provided by Immunex (Amgen; Thousand Oaks, CA, USA) (44). All the mice 

were kept under specific pathogen-free conditions in environmentally controlled clean rooms in The 

Institute of Medical Science and The Graduate School of Agricultural and Life Science, The 

University of Tokyo, and Research institute for biomedical sciences, Tokyo University of Science. 

All experiments were approved by the institutional animal use committees and were conducted 

according to the institutional ethical guidelines for animal experiments and the safety guidelines for 

gene manipulation experiments. 

 

Generation of Il1r2-/- mice 

Il1r2-/- mice were generated by gene targeting using ES cells (Fig. 4). For the cloning of the 

homology arms of the targeting vector, Il1r2 genomic clones were isolated from mouse 129 



 18 

genomic phage libraries from Stratagene (129SvJ Mouse Genomic Library in the FIX II Vector; La 

Jolla, CA, USA) using the cDNA probe amplified by the following PCR primers: forward: 

CCCCCATTACATCGGAGAAGCCCA and reverse: TCCATGGACGTGTTGGATATCA. The 

5.9 kb 5’ arm fragment was generated by ligating two DNA fragments; the 5’ side was cloned from 

a Il1r2 genomic clone digested with EcoRV (EV) and EcoRI (EI), while the 3’ side was amplified 

using the following PCR primers: forward: GAATTCTTACTTTCTTTCCAGTTTAAACA and 

reverse: GAAGTTGGTGCGGACAATGTTCATC. The 2.6 kb 3’ arm fragment was cloned from 

the Il1r2 genomic clone by digesting with EcoRV. Then, the chromosome region of E14.1 ES cells 

containing the second, third and fourth exons of the Il1r2 gene, which ranged from the initiation 

codon ATG to a EcoRV site just after the fourth exon, was replaced by the 2.5 kb DNA fragment 

containing the EGFP gene and the neomycin resistance gene (neo) under the phosphoglycerate 

kinase (PGK) 1 promoter which was flanked by lox P sequences using homologous recombination 

techniques (Fig. 4) (45). A diphtheria toxin A (DT) gene under the MC1 promoter was ligated to the 

3’ end of the targeting vector for the negative selection.  

Mutated ES clones were screened by Southern blot hybridization analysis using the 3’ 

probe amplified by the following PCR primers: forward: TGGCCAGGAATACAACATCA and 

reverse: ATTTCCCAGGACGCCTTAGT. Chimeric mice were generated by aggregating ES cells 

with C57BL/6J blastocysts (45), and the neo gene was deleted by injecting the Cre recombinase 
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gene under the CAG promoter into fertilized eggs (46). Il1r2 mutant mice were backcrossed to 

C57BL/6J mice for eleven generations.  

I’m not involved in the generation of Il1r2-/- mice. Construction of targeting vector and 

ES cell screening were performed by Akiko Nakajima and Reiko Horai. Chimeric mice were 

generated by Hayato Kotaki. Cre-expressing vector was injected by Yang Liu.  

 

Genotyping of Il1r2 mutant mice 

The genotyping of Il1r2 mutant mice was carried out using KOD-Fx Neo polymerase 

(TOYOBO; Osaka, Japan) and the following PCR primers: primer 1: 

CCAATGGAAGCTCAGGATCC, primer 2: CACCTGTGGGCTTCTCCGATG and primer 3: 

CGGCCATGATATAGACGTTG. Primers 1 and 2 were used to detect the wild-type (WT) allele 

(0.2 kb), and primers 1 and 3 were used to detect the mutant allele (0.5 kb). Template DNA was 

obtained by boiling 1 mm mouse tail with 50 mM NaOH at 95°C for 30 min, followed by 

neutralization with final 100 mM Tris-HCl (pH 8.0). 

 

RT-PCR 

Total RNA was isolated from bone marrow cells of WT and Il1r2-/- mice using Sepasol-RNA I 

Super (Nacalai Tesque; Kyoto, Japan). Target gene cDNA was amplified by PCR with KOD Fx 
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Neo and the following primers: for Il1r2, forward (exon3; P1): 

TGGGTGAAGGGTAACATACTCTGGA, forward (exon5; P2): GGCGCCATACTCTTGGATAA 

and reverse (exon9; P3): CCGTAGCTTGGTCAGTCCAT, for Actb, forward: 

GATCCACATCTGCTGGAAGG and reverse: AAGTGTGACGTTGACATCCG. 

 

Flow cytometry 

Cells were treated with an anti-CD16/32 monoclonal antibody (mAb) (clone: 93) (Biolegend; San 

Jose, CA, USA) for 30 min at 4°C in Hanks' balanced salt solution containing 2% FBS and 0.01% 

sodium azide, and then stained with antibodies described in Table 1 for 30 min at 4°C. For 

intracellular staining, cells were stimulated with 50 ng/ml PMA (Sigma; St. Louis, MO, USA), 500 

ng/ml ionomycin (Sigma), and 2 µM monensin (Sigma) for 5 h. After staining surface antigens, 

cells were fixed and permeabilized with Foxp3/Transcription Factor Staining Buffer (eBioscience; 

San Diego, CA, USA) according to the manufacturer’s instructions. The intracellular antigens were 

then stained with antibodies described Table 2 for 30 min at 4°C, followed by analysis with a 

FACSCanto II apparatus (BD Biosciences; San Jose, CA, USA) with FlowJo software (Tree Star; 

Ashland, OR, USA). Biotin-conjugated anti-CD40 mAb was stained with Pacific Blue-conjugated 

streptavidin (Invitrogen; Carlsbad, CA, USA). Dead cells were stained with 7-amino-actinomycin D 

(Sigma) or Aqua Dead Cell Stain Kit (Molecular Probes; Eugene, Oregon, USA). 
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Table 1 

Antigen Label Clone Source 

B220 APC RA3-6B2 Biolegend 

B220 APC/Cy7 RA3-6B2 Biolegend 

B220 PerCP/Cy5.5 RA3-6B2 eBioscience 

CD117 Pacific Blue 2B8 Biolegend 

CD11b APC M1/70 Biolegend 

CD11b PE M1/70 Biolegend 

CD11c PE HL3 BD Biosciences  

CD19 APC 6D5 Biolegend 

CD19 PerCP 6D5 Biolegend 

CD3ε APC 145-2C11 Biolegend 

CD4 PE/Cy7 RM4-5 Biolegend 

CD40 Biotin 3/23 Biolegend 

CD40 APC 3/23 Biolegend 

CD45 APC/Cy7 30-F11 Biolegend 

CD45.1 Pacific Blue A20 Biolegend 

CD62L Pacific Blue MEL-14 Biolegend 

CD8a APC/Cy7 53-6.7 Biolegend 

F4/80 APC BM8 Biolegend 

Foxp3 PE FJK-16s eBioscience 

γ/δ TCR FITC GL3 eBioscience 

IFNγ Pacific Blue XMG1.2 Biolegend 

IL-17A APC TC11-18H10.1 Biolegend 

IL-1R1 PE JAMA-147 Biolegend 

Ly6C APC/Cy7 HK1.4 Biolegend 

Ly6C Pacific Blue HK1.4 Biolegend 

Ly6G Pacific Blue 1A8 Biolegend 

Ly6G PE/Cy7 1A8 Biolegend 

Phycoerythrin (PE) Biotin PE001 Biolegend 

(Armenian Hamster 

IgG Isotype Ctrl ) 
PE HTK888 Biolegend 

(Rat 

IgG2a Isotype Ctrl ) 
APC RTK2758 Biolegend 
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CIA 

CIA was performed as previously described (47). CFA was prepared by mixing 1 mg heat-killed M. 

tuberculosis (H37Ra; Difco Laboratories; Detroit, MI, USA) with 1 ml IFA (Thermo Scientific; 

Waltham, MA, USA). 4 mg of chicken type II collagen (IIC) (Sigma) was dissolved in 1 ml of 10 

mM acetic acid for overnight at 4°C. An emulsion was formed by combining CFA with an equal 

volume of IIC solution. Mice were immunized by subcutaneous injection with 200 µl emulsion at 

two different sites on each hind flank. Twenty days later, mice received the same immunization and 

10 µg LPS (Sigma) administration intraperitoneally as a boost. Arthritis severity was scored for 

each limb with total score 12: 0 = normal, 1 = slight swelling and/or erythema, 2 = extensive 

swelling and/or erythema, 3 = ankhylosing change of the joint.  

 

Histological assessment of arthritis 

On day 40 of CIA, two hind limbs were fixed with 10% neutral-buffered formalin and were 

decalcified with 10% EDTA. They were embedded in paraffin, and slices were prepared. Sections 

were stained with hematoxylin and eosin. Four histological parameters, inflammation, pannus 

formation and cartilage/bone damage were scored for each limbs with total score 6. Inflammation: 0 

= normal, 1 = few local infiltrates, 2 = broad local infiltrates and 3 = broad infiltrates invading the 

joint capsule. Pannus: 0 = normal, 1 = pannus formation at up to two sites, 2 = pannus formation at 
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up to four sites, 3 = pannus formation at more than four sites, one broad pannus formation count as 

two sites. Cartilage damage: 0 = normal, 1 = few loss of articular chondrocytes, 2 = cartilage 

degradation in one region, 3 = cartilage degradation in more than two region. Bone damage: 0 = 

normal, 1 = rough surface of talus, 2 = shallow loss of talus, 3 = deep loss of talus. 

 

Measurement of mRNA levels in inflammatory joints 

On day 40 of CIA, two hind limbs were homogenized in Sepasol-RNA I Super and RNA 

was purified according to the manufacture’s instructions. The resulting RNAs were 

reverse-transcribed using a high capacity cDNA reverse transcription kit (Applied Biosystems; 

Carlsbad, CA, USA). Quantitative PCR (qPCR) was performed with the SYBR® Premix Ex Taq™ 

(TaKaRa; Shiga, Japan) using an iCycler system (Bio-Rad; Hercules, CA, USA). The content of 

mRNA was determined from the appropriate standard curve and normalized to the amount of 

Gapdh mRNA. The primer sets are shown in Table 2. 
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Table 2 

Gene  Forward  (5’ to 3’) Reverse (5’ to 3’) 

Col1a1  TGGCAACAAAGGAGACACTG  GGCTCCTCGTTTTCCTTCTT  

Cxcl2  CACTGCGCCCAGACAGAAGTC  TCCTCCTTTCCAGGTCAGTTAGCC  

Gapdh TTCACCACCATGGAGAAGGC  GGCATGGACTGTGGTCATGA  

Hprt  AGCTACTGTAATGATCAGTCAACG  AGAGGTCCTTTTCACCAGCA  

Il1a  TCGGGAGGAGACGACTCTAA  TGTTTCTGGCAACTCCTTCA  

Il1b  CAACCAACAAGTGATATTCTCCATG  GATCCACACTCTCCAGCTGCA  

Il1r1  ACCTTCCCACAGCGGCTCCACATT  TTGTCAAGAAGCAGAGGTTTACAG   

Il1r2  GATCCAGTCACAAGGGAGGA   CCAGGAGAACGTGGAAGAGA   

Il1rap AAGAACCAGGAGAGGAACTGG GGGGTGACTTTCTTGATGCT 

Il1rn TAGACATGGTGCCTATTGACCT TCGTGACTATAAGGGGCTCTTC 

Il6 TAGTCCTTCCTACCCCAATTTCC  TTGGTCCTTAGCCACTCCTTC  

Nos2  ACATCGACCCGTCCACAGTAT  CAGAGGGGTAGGCTTGTCTC  

Prg4  GGCAAGTGCTGTGCAGATTA ATTTGGGTGAGCGTTTGGTA 

Ptgs2  CTACATCCTGACCCACTTCAAGG  GCCCTGGTGTAGTAGGAGAGGTT 

Tnf GCCTCCCTCTCATCAGTTCT  CACTTGGTGGTTTGCTACGA  

 

Measurement of collagen-specific antibody concentrations 

Sera were collected from the tail on day 0 and 40 of CIA. A total of 20 µg/ml IIC in PBS was 

coated on 96-well plate at 4°C overnight. Then the wells were blocked with 10% FBS in PBS at 

room temperature for 1 h. Next, diluted serum samples (5,000, 2,500, 500, 500 and 100-fold 

dilution for total IgG, IgG1, IgG2a, IgG2b and IgG3, respectively) were applied and incubated at 

room temperature for 1 h, followed by the addition of 0.8 µg/ml horseradish peroxidase-conjugated 

goat anti-mouse IgG (Jackson ImmunoResearch; West Grove, PA, USA) or 0.4 µg/ml alkaline 

phosphatase-conjugated anti-mouse IgG1, IgG2a, IgG2b and IgG3 (Santa Cruz; Dallas, TX, USA). 
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Then, 3,3',5,5'-Tetramethylbenzidine solutions (Dako; Carpinteria, California, USA) or 

p-nitrophenyl phosphate solutions (Sigma) were applied as the substrate and� 1 N HCl or 1 N 

NaOH was added to stop color development. The absorbancy at 450 nm or 415nm was measured 

using a microplate reader (MTP-300; Corona Electric; Hitachinaka, Japan). The wells were washed 

with 0.05% Tween20 in PBS between each steps. The IgG antibody concentration was calculated 

using an anti-IIC polyclonal IgG standard with a known concentration. The anti-IIC polyclonal IgG 

was purified from pooled sera obtained from IIC-immunized mice. I used Protein G sepharose (GE 

healthcare; Waukesha, WI, USA) for prepurification and NHS-activated sepharose (GE healthcare) 

for affinity-based purification. 

 

IIC-specific proliferation assay and cytokine titration 

I immunized mice with IIC and CFA and harvested lymph nodes (LNs) at day 7 after immunization. 

Then, LN cells (5 × 105 cells/well in 96-well plate) were cultured in the absence or presence of 50 

µg/ml heat-denatured IIC for 3 days, and labeled with [3H]-thymidine (0.25 µCi/ml) (PerkinElmer; 

Boston, MA, USA) for 6 h. RPMI 1640 (Wako; Osaka, Japan) containing 10% FBS (GIBCO), 50 

µM 2-mercaptoethanol (Gibco; Big Cabin, OK, USA), 100 U/ml penicillin (Gibco; Big Cabin, OK, 

USA) and 100 µg/ml streptomycin (Gibco; Big Cabin, OK, USA), so called R10 medium, was used 

as culture medium. Then, cells were harvested with a Micro 96 cell harvester (Skatron; Tranby, 
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Norway), and radioactivity was measured with Micro Beta (Pharmacia Biotech; Uppsala, Sweden). 

To measure cytokine concentrations, I collected the culture supernatants from the culture 

for proliferation assay after 3 d and measured the concentration of IFN-γ, IL-17 and TNF with the 

mouse IFN-γ ELISA set (R&D; Minneapolis, MN, USA), mouse IL-17 ELISA set (R&D) and the 

mouse TNF-α ELISA MAX™ (Biolegend), respectively. 

 

Myeloid cell preparation and culture 

Bone marrow macrophages (BMMPs) were prepared from bone marrow cells (BMCs) as 

previously described (48). In brief, I seeded BMCs obtained from femurs and tibiae at 1 × 106 

cells/ml in a 100-mm non-treated dish using R10 medium supplemented with 20 ng/ml recombinant 

mouse M-CSF (R&D). On day 3, non-adherent cells were discarded and re-cultured with another 10 

ml of fresh medium. At day 7, non-adherent cells were discarded and adherent cells were collected 

by treating with 0.7 mM EDTA/PBS. For thioglycolate-elicited peritoneal macrophages (TGCMPs) 

preparation, mice were injected 1 ml of 4% thioglycolate (TGC) (Nissui; Tokyo, Japan) i.p. 

Peritoneal cells were collected at 3 days after TGC injection and cultured over night. After 

discarding nonadherent cells, adherent cells were collected by cell scraper as TGCMPs. Neutrophils 

(Ly6G+Ly6Cint) and monocytes (Ly6G-Ly6Chigh) were sorted from BMCs by flow cytometry on a 

FACSAria apparatus (BD Biosciences) or MoFlo XPD IntelliSort II (Beckman Coulter; Brea, CA, 
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USA). Obtained myeloid cells were cultured in R10 medium containing stimulants described 

below. 

 

In vitro neutrophil survival assay 

For cell survival assay, neutrophils were cultured with either 10 ng/ml IL-1β (Peprotech; Rocky 

Hill, NJ, USA), IL-4 (Peprotech) or GM-CSF (Peprotech) for 48 h. Live cells (7AAD-AnnexinV- 

[Biolegend] ) were counted by flow cytometry. Survival ratio was calculated by dividing live cell 

number in each condition by cell number without any cytokines.  

 

ROS generation assay 

For ROS generation assay, neutrophils were cultured with 1mM luminol (Santa Cruz) plus either 

100 ng/ml IL-1β or 50 ng/ml C5a (R&D). After stimulation, chemiluminescence was measure by 

the EnVision plate-reader (Perkin Elmer; Norwalk, CT, USA) at indicated time points.  

 

Activation assay 

For activation assay, neutrophils and monocytes were stimulated by 100 ng/ml IL-1β or 1 µg/ml 

Pam3CSK4 (Invivogen; San Diego, CA, USA). 15 h after stimulation, cells were collected and 

surface CD40 expression was examined by flow cytometry. 
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Cytokine production assay 

For cytokine production assay, neutrophils and monocytes were treated with either IL-1β or LPS 

(Sigma), while BMMPs and TGCMPs were cultured with 10 ng/ml IL-1α (Peprotech), 10 ng/ml 

IL-1β or 1 ng/ml LPS. Cultured supernatants were collected at 20 h and the concentration of TNF 

and IL-6 was measured with the Mouse TNF-α ELISA MAX™ (Biolegend) and Mouse IL-6 

ELISA MAX™ (Biolegend), respectively.  

 

qPCR for macrophages and monocytes 

For the measurement of mRNAs, cultured BMMPs and TGCMPs were collected at 3 h after the 

treatment with stimulants and total RNAs were purified using GenElute mammalian total RNA 

miniprep kit (Sigma). Similarly, mRNAs from monocytes were collected at 1 or 3 h after 

stimulation with 100 ng/ml IL-1β or 1 µg/ml LPS. qPCR was performed as described above and the 

content of mRNA was normalized to the amount of Hprt mRNA.  

 

Western blotting 

For Western blotting analysis, BMMPs were cultured for 8 h with normal RPMI 1640, and then 

stimulated by 5 ng/ml IL-1α plus 5 ng/ml IL-1β or 1 ng/ml LPS. Stimulated cell were lysed with 
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sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 5% glycerol, 0.003% bromophenol blue, 5% 

2-ME, NaCl 61.7 mM, KCl 1.2 mM, Na2HPO4 4.5 mM, KH2PO4 0.8 mM) at various periods of 

time. The cell lysates were separated by SDS-PAGE using 12.5% polyacrylamide gel (Wako). Then, 

proteins were transferred onto polyvinyldifluoride membranes (BioRad Laboratories; Shinagawa, 

Japan) in wet condition. The membranes were blocked by 2% polyvinylpyrrolidone (Sigma) / 2% 

BSA (Sigma) / TBST for 1 h at room temperature. After that, membranes were incubated with 

primary antibodies for overnight at 4°C, and then with horseradish peroxidase-conjugated 

secondary antibodies for 1 h at room temperature. Used antibodies are listed in Table 3. Signals 

were developed by ECL detection system (GE Healthcare). Chemiluminescence was measure by 

LAS 4000 (Fujifilm Life Science; Tokyo, Japan). 

 

Table 3 

Antigen Host Dilution Clone Source 

P-JNK Rabbit 1:1000 81E11 CST 

JNK Mouse 1:1250 252355 R&D 

P-p38 Rabbit 1:1000 3D7 CST 

p38 Rabbit 1:1000 (Polyclone) CST 

IκBα Mouse 1:1000 44D4 CST 

β-actin Mouse 1:20000 AC-74 Sigma 

Rabbit IgG Goat 1:5000 (Polyclone) Jackson 

Mouse IgG Goat 1:5000 (Polyclone) Jackson 
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Peritonitis 

For the analysis of EGFP expressing cells, WT and Il1r2+/- mice were injected 1 ml of 4% TGC i.p. 

Peritoneal cells were collected at 15 h after TGC injection. For in vivo neutrophil survival assay, 

BMCs were isolated from WT (CD45.1) and Il1r2-/- (CD45.2) mice, mixed 1:1 ratio and 

resuspended in PBS. Total 1 × 107 BMCs were transferred i.v. into irradiated (5.5 Gy twice, 3 h 

apart) Rag2-/- mice. Four weeks later, these mice were injected 10 ng IL-1α i.p. Peritoneal cells and 

BMCs were collected at 6 h after IL-1α injection. 

 

Fibroblast-like synovial cell (FLSC) preparation and culture 

I prepared FLSCs according to Chou et al. (49). After ankle was removed, it was digested in 1 

mg/ml collagenase (Wako), 2 mg/ml dispase (Gibco) and 10% FBS in DMEM (Gibco) for 1 h at 

37°C with a tube rotator. Then, cells were suspended in DMEM containing 10% FBS, 100 U/ml 

penicillin and 100 µg/ml streptomycin, and were incubated with Clophosome (FormuMax 

Scientific; Palo Alto, CA, USA) for 24 h to remove contaminated macrophages. FLSCs were 

stimulated with IL-1α, IL-1β, TNFα (Peprotech), IL-17A (R&D) and PGE2 (Nacalai) for 20 h. 

Cultured supernatants were collected at 20 h and the concentration of CCL2 and IL-6 was measured 

with the Mouse CCL2/JE/MCP-1 DuoSet (R&D) and Mouse IL-6 ELISA MAX™ (Biolegend), 

respectively. 
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Statistical analysis 

P values were calculated using Mann-Whitney U-test for clinical and histological score of CIA, χ2 

test for incidence of CIA and two-tailed unpaired student’s t-test for all other experiments. P value 

< 0.05 was defined as significant.  
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III-4. Results 

Generation of Il1r2-/- mice 

Il1r2-/- mice were generated by replacing the exon 2, 3 and 4 of the Il1r2 gene with the EGFP gene 

and the neomycin resistant gene using homologous recombination techniques (Fig. 4A). 

Homologous recombination was confirmed by genomic Southern blot hybridization analysis (Fig. 

4B). Il1r2 deficiency was verified by RT-PCR using the RNA from bone marrows. I could not 

detect the PCR product from the exon 3 to exon 9. The PCR product from exon 5 to exon 9 was 

also not detected, indicating that there was no truncated mRNA from the targeted gene (Fig. 4C). 

When Il1r2+/- mice were intercrossed, Il1r2-/- mice were born at the expected Mendelian 

ratio. They were fertile and showed no obvious phenotypic abnormalities under specific 

pathogen-free conditions (data not shown). The content of T cells, B cells plasmacytoid DCs, 

conventional DCs, migratory DCs, monocytes and neutrophils in the LNs, spleen, thymus and bone 

marrow in Il1r2-/- mice was normal as analyzed by flow cytometry (Fig. 5). 

In WT mice, Il1r2 mRNA expression was detected in the bone marrow, pancreas and 

lymphoid organs including Peyer’s patch, LNs, and the thymus (Fig. 6). I also analyzed the 

expression of Il1r2 through the expression of EGFP in Il1r2+/- mice, in which EGFP gene was 

inserted into just after the Il1r2 translation start site in the exon 2. High EGFP expression was 

observed in neutrophils (Fig. 7). Low levels of EGFP expression were detected in macrophages and 
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monocytes from TGC-treated mice, although the expression was very low under physiological 

conditions. The expression was not detected in T cells or B cells. The EGFP expression level was 

consistent with the Il1r2 mRNA level determined by qPCR (Fig. 8B). Il1r2 expression in WT 

BMMPs was confirmed by using Il1r2-/- BMMPs as negative control (Fig. 8E). Like Il1r2, Il1rn 

and Il1rap mRNA were highly expressed in neutrophils and modestly in other types of cells (Fig. 

8C and D). On the other hand, high levels of Il1r1 mRNA expression were observed in FLSCs, but 

only low in other cells (Fig. 8A). 

 

Il1r2-/- mice show increased susceptibility to CIA 

Because it was suggested that IL-1R2 is involved in the pathogenesis or progression of RA (33-35), 

I examined the susceptibility of Il1r2-/- mice to CIA. Il1r2-/- mice showed higher clinical scores and 

incidence (Fig. 9). Infiltration of polymorphonuclear leukocytes, pannus formation, erosion of 

cartilage and bone destruction were more severe in arthritic joints of Il1r2-/- mice than WT mice 

(Fig. 10). These results suggest that IL-1R2 negatively controls the development of arthritis. 

 

Inflammatory mediator production, but not antibody production and T cell proliferative responses, 

is enhanced in Il1r2-/- mice after CIA induction 

It is well known that both humoral and cell-mediated immunity are involved in the development of 
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CIA (50, 51). To elucidate the mechanism for the exacerbation of CIA in Il1r2-/- mice, I first 

analyzed anti-IIC IgG concentration in sera. No significant differences were found between WT 

mice and Il1r2-/- mice (Fig. 11A). The levels of anti-IIC IgGs in each IgG subclass also did not 

differ between WT and Il1r2-/- mice (Fig. 11B). Next, I examined IIC-specific recall T cell 

responses; inguinal LN cells were harvested 7 days after immunization and the cells were incubated 

for 3 days with or without IIC. Proliferative response against IIC of Il1r2-/- LN cells was similar to 

WT cells (Fig. 11C). Consistent with the proliferative response, cytokine production such as IFN-γ, 

IL-17 and TNF was normal in LN cells from Il1r2-/- mice upon stimulation with IIC (Fig. 11D-F). 

Furthermore, the number of total LN cells, B cells, CD4+ and CD8+ T cells, IFN-γ+ CD4+ and CD8+ 

T cells, IL-17+ CD4+ T cells, and Foxp3+ CD4+ T cells was normal in Il1r2-/- mice at day 7 after 

immunization (Fig. 11G). Interestingly, I found that the expression of Il6, Cxcl2, Nos2 and Il1b 

mRNAs, which are produced in macrophages and fibroblasts (52-55), in inflammatory joints was 

strongly up-regulated in Il1r2-/- mice (Fig. 12). 

 

Il1r2-/- neutrophils show normal phenotype 

IIC-specific T cells and antibodies are important for the development of arthritis by recruiting 

neutrophils and monocytes/macrophages, which enhance inflammation by producing cytokines, 

chemokines, nitric oxide and chemical mediators. In addition, joint resident FLSCs are also 
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involved in the development of inflammation (56). Because antibody production and T cell priming 

were normal in Il1r2-/- mice, I next examined the effect of IL-1R2 deficiency on these cells.  

Since neutrophils highly expressed Il1r2 and a previous report suggested involvement of 

IL-1R2 in neutrophil survival (17), I analyzed the effects of IL-1 on neutrophils. I found that 

neutrophil survival did not change upon stimulation with IL-1β in Il1r2-/- neutrophils (Fig. 13A). 

IL-6 production also did not change by the treatment with IL-1β both in WT and Il1r2-/- neutrophils 

(Fig. 13B). In contrast, GM-CSF and LPS prolonged neutrophil survival and induced cytokine 

production in both WT and Il1r2-/- neutrophils. Although IL-4 is suggested to induce Il1r1 and Il1r2 

mRNA in neutrophils (17), IL-4 or IL-1β plus IL-4 did not affect the survival of both WT and 

Il1r2-/- neutrophils (Fig. 13A). And also, IL-1β failed to induce ROS generation from both WT and 

Il1r2-/- neutrophils, in contrast to C5a (Fig. 13C). Furthermore, Although TLR2 ligand Pam3CSK4 

up-regulate CD11b and down-regulate CD62L, IL-1β could not alter adhesion molecule expression 

on both WT and Il1r2-/- neutrophils (Fig. 13D). 

I also examined the effect of IL-1R2 deficiency on neutrophil survival in vivo. Peritonitis 

was induced by i.p. IL-1α injection to CD45.1+ WT and CD45.2+ Il1r2-/- bone marrow chimeras, 

and 6 h after injection, infiltration of neutrophils and monocytes into peritoneal cavity was 

examined. As shown in Fig. 14A, infiltration of neutrophil and monocyte was clearly observed. 

However, WT and Il1r2-/- ratio did not change in peritoneal cavity and bone marrow, suggesting 
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comparable survival between WT and Il1r2-/- neutrophils in these mice (Fig. 14B).  

 

Excess cytokine production in Il1r2-/- macrophages was observed upon stimulation with IL-1 

Next, I examined inflammatory mediator production from FLSCs upon treatment with IL-1 or TNF. 

FLSCs were prepared as described Materials and Methods. The percentage of contaminated 

macrophages in the FLSC preparation was below 1% as determined by flow cytometry using 

anti-CD45 mAb (Fig. 15A). Messenger RNAs for Proteoglycan 4 (Prg4) or lubricin, which is a 

component of synovial fluid, and α1 type1 collagen (Col1a1), which is the major component of 

type 1 collagen, were highly expressed in FLSCs (Fig. 15B). I found that the production of IL-6 and 

CCL2 was normal in Il1r2-/- FLSCs (Fig. 16).  

On the other hand, monocytes from both WT and Il1r2-/- mice did not respond to IL-1 to 

produce TNF or IL-6 like neutrophils, while these cells produced those cytokines to similar levels 

in response to LPS (Fig. 17). Although we detected slight up-regulation of Tnf, Il1b and Cxcl2 

mRNA upon IL-1 stimulation, no difference between WT and Il1r2-/- monocytes was observed (Fig. 

18). Similarly, cell surface expression of CD40 was marginally up-regulated by the treatment with 

IL-1, but its expression levels were comparable between WT and Il1r2-/- monocytes (Fig. 19). 

In contrast, significantly higher amounts of TNF and IL-6 were produced in Il1r2-/- 

BMMPs and TGCMPs compared to WT cells in response to IL-1α or IL-1β, but not LPS (Fig. 20). 
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qPCR revealed that mRNA expression of Il1a, Il1b, Cxcl2, Nos2, which encodes iNOS, and Ptgs2, 

which encodes COX-2, was also enhanced in Il1r2-/- BMMPs and TGCMPs (Fig. 21). I prepared 

cell lysate from IL-1 or LPS stimulated BMMPs to check the phosphorylation of MAPKs and the 

degradation of IκBα by western blotting. The phosphorylation of JNK and p38 as well as the 

degradation of IκBα were enhanced in Il1r2-/- BMMPs upon IL-1 stimulation but not LPS (Fig. 22). 

These results suggest that IL-1R2 negatively regulates IL-1 signaling in monocytes and 

macrophages, but not in other cells including neutrophils and fibroblasts. 
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III-5. Discussion 

IL-1R2 is considered to be a decoy receptor for IL-1α and IL-1β, and many reports support this 

concept in vitro (17-20). Negative regulatory function of IL-1R2 against IL-1 signaling is also 

suggested in Il1r2-transgenic mice which are designed to express IL-1R2 in keratinocytes (21). 

However, the physiological as well as the pathological roles of endogenous IL-1R2 have not been 

elucidated completely. Here, I have first shown that IL-1R2 is functional in monocytes and 

macrophages as a negative regulator of IL-1 and suppresses CIA.  

Il1r2-/- mice were born healthy and breed normally. However, I found that the 

development of CIA was enhanced in Il1r2-/- mice. The severity score and incidence of arthritis 

were increased. Anti-IIC concentrations in the serum, IIC-specific T cell proliferative responses, 

and cytokine production in LN cells upon stimulation with IIC, were normal in Il1r2-/- mice, 

suggesting that Il1r2 is not involved in the control of T cell priming and production of Ag-specific 

antibodies. I showed, however, that the expression of mRNAs for inflammatory mediators such as 

IL-6, CXCL2, NOS2 and IL-1β, which are important for the development of arthritis (57-60), was 

up-regulated in the joint of Il1r2-/- mice. Furthermore, I found that cytokine and inflammatory 

mediator production, including IL-6, CXCL2, NOS2 and IL-1β, upon stimulation with IL-1α and 

IL-1β were greatly enhanced in macrophages, but not in FLSCs or monocytes, from Il1r2-/- mice 

compared with that from WT mice, suggesting that increased inflammatory mediators in Il1r2-/- 
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mouse joints are derived from macrophages. Consistent with this notion, it was reported that 

macrophage depletion results in the suppression of CIA associated with down-regulation of these 

inflammatory mediators (61). In addition, enhanced activation by IL-1 was observed in Il1r2-/- 

monocytes, and it may contribute to local T cell activation. Thus, these observations suggest that 

IL-1R2 regulates the development of arthritis by suppressing IL-1 activity on macrophages and 

monocytes.   

I found that IL-1R2 is most prominently expressed in neutrophils among T cells, B cells, 

monocytes, BMMPs and FLSCs, consistent with a recent report (62). However, in contrast to 

macrophages, I did not detect any functional abnormality of Il1r2-/- neutrophils. The neutrophil 

content in the bone marrow was similar between WT and Il1r2-/- mice. The survival after treatment 

with IL-1β, IL-4, or both, did not change between WT and Il1r2-/- neutrophils. IL-6 production after 

treatment with IL-1α or IL-1β also did not change. ROS production was not induced by IL-1 both 

from WT and Il1r2-/- neutrophils. Furthermore, the content of Il1r2-/- neutrophils, monocytes, 

macrophages and B cells in peritoneal cavity, blood, and BM were similar to that of WT after 

induction of peritonitis in mixed BM chimera mice. Consistent with my notion, Prince et al. 

demonstrated that IL-1 is not involved in neutrophil survival, cell adhesion molecule expression and 

cytokine production (63). Although it was reported that IL-1 prolongs neutrophil survival (17), 

Prince et al. showed that neutrophils purified by percoll gradient method, that was used by the 
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previous report (13), were contaminated with other types of cells and neutrophils were indirectly 

activated by IL-1 through these contaminated cells. Regarding the reason why Il1r2-/- neutrophils 

are refractory to IL-1 stimulation, I first thought that this is because IL-1Ra is highly expressed in 

neutrophils, as shown in Fig. 2B. However, I found that this is not the case, because neutrophils 

from Il1rn and Il1r2 double deficient mice still did not respond to IL-1 (Fig. 23). Therefore, it is 

conceivable that either IL-1R1 expression on cell surface is too low to respond to IL-1, or some 

signaling molecules are missing, or negative regulations are working in the signal transduction in 

neutrophils. Consistent with the first possibility, IL-1R1 expression was not detected on neutrophils, 

although the mRNAs for IL-1R1 and IL-1RAcP were clearly detected. Unfortunately, I also failed 

to detect expression of IL-1R1 on macrophages to which I could clearly observe the effects of IL-1. 

IL-1R1 expression on macrophages and neutrophils was not detected even after amplification using 

biotin-conjugated anti-PE antibody and after stimulation with GM-CSF, IFN-γ and IL-23 (Fig. 24). 

Because I could easily detect cell surface IL-1R1 expression on peritoneal CD62L- γ/δ T cells from 

WT mice, but not from Il1r1-/- mice as described before (36), the expression levels of IL-1R1 on 

neutrophils and macrophages are much lower than that on these cells.  

I found that Il1rn-/-Il1r2-/- neutrophils produced higher levels of TNF than WT when cells 

were treated with LPS. Interestingly, Il1rn-/-Il1r2-/- mice chronically suffered from skin 

inflammation and were severely emaciated (Ikarashi et al. manuscript in preparation). Therefore, I 
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think that Il1rn-/-Il1r2-/- neutrophils are constitutively activated due to chronic inflammation in the 

skin, and easily produce TNF upon stimulation with LPS. Another possibility is that IL-1R2 

suppresses TLR4 signaling to induce TNF in collaboration with IL-1Ra. Clearly, further 

investigation is needed to distinguish these possibilities and to elucidate very unique 

cell-type-specific IL-1R2 action mechanism.  

Nonetheless, high expression of IL-1R2 in neutrophils may have some physiological 

and/or pathological roles. In fact, it was demonstrated that neutrophils scavenge IL-1β through 

IL-1R2 (64) and both human and mouse neutrophils cleave IL-1R2 to release extracellular domain 

of IL-1R2 (62, 65). Because a IL-1R2-expressing T cell line can neutralize IL-1 activity through 

IL-1R2-mediated internalization of IL-1β, but less efficiently through binding of soluble IL-1R2 to 

IL-1 (66), I examined the IL-1 neutralizing capacity of neutrophils in two models. Co-culture of 

WT or Il1r2-/- neutrophils with Il1r2-/- macrophages did not affect IL-1β-induced IL-6 production in 

macrophages (Fig. 25). Furthermore, preincubation of 2 × 106 neutrophils with 5 pg/ml IL-1β failed 

to inactivate the IL-1β activity, although 104 IL-1R2-transfected T cells neutralized 10 pg/ml IL-1β 

in the previous report (66) (Fig. 26). More improved co-culture condition may need to solve this 

problem. Neutrophil specific Il1r2 deficient mice may help us to elucidate the roles of IL-1R2 in 

neutrophils. 

Horai et al. previously reported that Il1rn-/- mice spontaneously develop autoimmune 
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arthritis on the BALB/c background (24). In contrast to Il1rn-/- mice, Il1r2-/- mice did not develop 

autoimmunity both on the BALB/c and C57BL/6 background. This difference between Il1rn-/- and 

Il1r2-/- mouse phenotypes could be explained by the difference of target cells; IL-1Ra can inhibit 

IL-1R1 on all cell types whereas IL-1R2 can only compete with IL-1R1 on macrophages. Deficient 

mice for other type IL-1 receptor signal regulators such as ST2 and SIGIRR also do not develop 

arthritis (67, 68). These observations suggest that IL-1Ra has the strongest inhibitory activity 

among endogenous IL-1 inhibitors.  

In summary, I showed that IL-1R2 plays a regulatory role in the progression of 

collagen-induced arthritis through the inhibition of IL-1 action on macrophages. This inhibitory 

action of IL-1R2 is strictly cell-type specific, unlike IL-1Ra. These observations may provide a clue 

to use IL-1R2 for the treatment of inflammatory diseases.  
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III-6. Figures �
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FIGURE 8. IL-1 family gene expression in various cell types.�
(A-D) The expression of Il1r1, Il1r2, Il1rap and Il1rn mRNA was 
analyzed by quantitative PCR in different types of cells from WT mice. 
The content of mRNA was normalized to the amount of Hprt mRNA. 
(E) The expression of Il1r2 mRNA was analyzed by quantitative PCR 
in BMMPs from WT and Il1r2-/- mice. Data are the mean ± s.d. of 
triplicates and are representative of two independent experiments. *P < 
0.05 by the two-tailed unpaired student’s t-test.�
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FIGURE 9. Development of CIA is exacerbated in Il1r2-/- mice.  
(A, B) WT mice (n=25) and Il1r2-/- mice (n=25) were immunized with 
400 mg chicken IIC emulsified with CFA intradermally at two different 
sites on each hind flank on day 0 and 20. Clinical score (A) and 
incidence (B) of arthritis are shown. Data are the mean ± s.e.m. Data 
are combined from three independent experiments with similar results 
(A and B). *P < 0.05 by the Mann-Whitney U-test (A) or χ2 test (B).�
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FIGURE 10. Histological analysis of inflamed joint 
(A-D) Representative sections of the hind limbs of WT (A and B) and 
Il1r2-/- (C and D) mice at day 40 after immunization were stained with 
hematoxylin and eosin. Tib, tibia; Tal, talus; Cal, calcaneus; Nav, 
navicular. The asterisks denote synovitis and the arrow indicates joint 
exudate. Images are magnified ×4 (A and C) and ×40 (B and D, square 
frames in A and C respectively). Scale bars are 500 mm (A and C) and 
50 mm (B and D). (E) Four histological parameters, including 
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damage, were assessed from sections of WT mice (n=16) and Il1r2-/- 
mice (n=16). Data are the mean ± s.e.m. Data are combined from two 
independent experiments with similar results (E). *P < 0.05 by the 
Mann-Whitney U-test (E).�
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(A and B) Anti-IIC antibody titer in sera. Sera of WT mice (n=8) and Il1r2-/- mice (n=8) 
were collected after induction of CIA, and anti-IIC IgG levels were measured by ELISA. (C-
F) Inguinal LNs were isolated on the day 7 from IIC immunized WT mice (n=4) and Il1r2-/- 
mice (n=3). Single cells were prepared and incubated for 72 h in the absence or presence of 
IIC. T cell proliferative response was determined by [3H] thymidine (TdR) incorporation 
(C). Concentrations of IFN-g (D), IL-17 (E) and TNF (F) in the culture supernatant were 
measured by ELISA. (G) Cell numbers of the indicated T cell and B cell subsets in inguinal 
LNs were determined by flow cytometry on day 7 after immunization. WT mice (n=5) and 
Il1r2-/- mice (n=5). Each circles represent individual mice. Data are the mean ± s.d. (A-F) of 
each group and are representative of two (A and G) or five (C-F) independent experiments.  

50 



*� *�

*�

0 

3 

6 

9 

12 

15 

18 

Tnf Il6 Cxcl2 Nos2 Ptgs2 Il1a Il1b Il1rn 

R
el

at
iv

e 
m

R
N

A 
le

ve
l 

*�

Tnf� Il6� Cxcl2� Nos2� Ptgs2� Il1a� Il1b� Il1rn�

FIGURE 12. Inflammatory mediator production is enhanced in Il1r2-/- 
mice upon induction of CIA.  
The mRNA levels of inflammatory mediators. RNA was purified from 
paws of WT mice (n=8) and Il1r2-/- mice (n=9) on the day 40 after CIA 
induction, and mRNA levels were determined by quantitative PCR. Data 
are the mean ± s.e.m. of each group and are representative of two 
independent experiments. *P < 0.05 by the two-tailed unpaired student’s 
t-test. 

51 



0 
0.2 
0.4 
0.6 
0.8 

1 
1.2 
1.4 
1.6 
1.8 

- IL-1b IL-4 IL-1b+IL-4 GM-CSF 

S
ur

vi
va

l r
at

io
 

Med � GM-CSF�IL-1β%
IL-4�

IL-1β  
(ng/ml)�

A� B� WT� Il1r2-/-�

0 

50 

100 

150 

200 

250 

300 

350 

400 

Med 10 100 1000 1 

IL
-6

 (p
g/

m
l) 

LPS  
(µg/ml)�

IL-1β � IL-4 �

WT�

Il1r2-/-�

WT�

Il1r2-/-�

C5a�

C5a�

IL-1β�

IL-1β�

0 

1 

2 

3 

4 

5 

6 

0 50 100 150 200 250 
Time (sec) 

C�

R
el

at
iv

e 
Li

gh
t U

ni
t (
�×

 1
04

)�

0 

2000 

4000 

6000 

8000 

10000 

Med IL-1b Pam3 

M
FI

 o
f C

D
11

b 

0 
200 
400 
600 
800 

1000 
1200 
1400 
1600 
1800 

Med IL-1b Pam3 

M
FI

 o
f C

D
62

L 

IL-1β  Pam3�Med IL-1β  Pam3�Med 

FIGURE 13. The response of Il1r2-/- neutrophils to IL-1 is normal in vitro. 
(A-C) Neutrophils from WT and Il1r2-/- mice were treated with indicated 
cytokines (10 ng/ml) and survival ratio was measured by flow cytometry 
after 48 h culture (A). IL-6 production was measured by ELISA at 20 h 
after treatment with IL-1β or LPS (B). ROS generation was measured as 
chemiluminescence by the luminometer at indicated time points after IL-1β 
or C5a stimulation (C). CD11b and CD40 expression was examined by 
flowcytometry 15 h after treatment with IL-1β or Pam3CSK4. Data are the 
mean ± s.d. of triplicates and are representative of two (A, C and D) or four 
(B) independent experiments. �
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FIGURE 18. Normal mRNA induction of inflammatory mediator in 
Il1r2-/- monocytes.  
Monocytes from WT and Il1r2-/- mice were stimulated with 100 ng/ml of 
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FIGURE 26. Neutrophils do not neutralize IL-1 activity.�
Neutrophils (2 x 106) were cultured with 5 pg/ml IL-1β for 6 h. Then, 
the supernatant was collected for subsequent stimulation of FLSCs. The 
levels of IL-6 in supernatant were measured by ELISA. Data are the 
mean ± s.d. of triplicates.�
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IV-1. Abstract 

Th17 differentiation is regulated by various cell intrinsic and extrinsic mechanisms. IL-1 is one of 

such factors, which promote Th17 differentiation. In this study, I investigated the roles of IL-1R2 in 

Th17 differentiation, since Th17 expresses IL-1R2. Contrary to my prospect, Th17 differentiation 

was impaired in Il1r2-/- T cells. The same result was observed, even when IL-1 signal was cancelled 

by IL-1Ra. On the other hands, differentiation of Th1, Th2 and Treg was normal in Il1r2-/- T cells. 

Several reports showed that intracellular IL-1R2 controls transcription in collaboration with IL-1α. 

Il1a-/- T cells also had less Th17 differentiation capacity. Rorc and Ifr4 expression were normal in 

Il1r2-/- T cells during Th17 differentiation, suggesting direct Il17a transcription control by 

IL-1α/IL-1R2. I tried to examine Th17 differentiation in Il1r2-/- and Il1a-/- T cells in vivo. However, 

normal Th17 differentiation was observed in experimental autoimmune encephalomyelitis 

(EAE)-induced mice. Thus, although IL-1R2 and IL-1α clearly control Th17 differentiation in vitro, 

the molecular mechanisms and in vivo functions remain to be elucidated. 
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IV-2. Introduction 

Differentiation of Th17 

Helper T cells are classified into Th1, Th2, Th17 and Treg by cytokine, surface marker and 

transcription factor what they express (69). Th1 cells secrete IFNγ to promote cellular immunity. 

Th2 cells secrete IL-4 to promote humoral immunity. Treg cells secrete IL-10 and expresses 

CTLA-4 to suppress immune response. Th17 derived cytokines, such as IL-17A, IL-17F, IL-21 and 

IL-22, play important roles in host defense against bacteria and fungi, and also in development of 

inflammatory diseases (70). Mechanisms of Th17 differentiation have been energetically 

investigated. CD4+ T cells differentiate into Th17 cells under TGFβ and IL-6/IL-21 stimulation in 

both mouse (71-75) and human (76-78). On the other hands, IL-1 (79), IL-7 (80) and IL-23 (81) 

promote maintenance, but not commitment, of Th17. Many transcription factor are involved in 

Th17 differentiation (82). RORγ and its splicing variant RORγt are recognized as master regulator 

of Th17 (83). In addition, STAT3 (84), IRF4 (85), RORα (86), AHR (87-90), IκBζ (91), Batf (92), 

c-Rel, RelA/p65 (93), RUNX1 (94) and HIF-1α (95) are essential, but not sufficient, for Th17 

differentiation. In contrast, Foxp3 (96), STAT5 (97), T-bet (98), IRF8 (99), NFIL3 (100) and Gfi1 

(101) negatively control Th17 differentiation. 

 

Experimental autoimmune encephalomyelitis (EAE) 
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Multiple sclerosis (MS) is an autoimmune disease affecting approximately 0.1% of people in North 

Europe, North America and South Australia, but 0.04% people in Asia and Africa. MS is 

characterized by chronic inflammation of central nervous systems accompanied by demyelination 

that causes multiple neurological disorders. EAE is the most widely used mouse model for MS. To 

induce EAE, mice are immunized with peptides of myelin oligodendrocyte glycoprotein (MOG), 

which is a component of myelin (102). In these mice, MOG-specific T cells differentiate into Th17 

cells, which express chemokine receptor CCR6 in the higher level than other T cell subsets. These 

Th17 cells migrate into spinal cord and brain through the fifth lumbar spinal cord, where CCL20, 

the ligand for CCR6, is highly expressed (103). Migrated Th17 cells recognize self-MOG to induce 

inflammation, which causes the demyelination in spinal cord and brain. 

 

Intracellular function of IL-1α 

IL-1α localizes in nuclei and its localization depends on nuclear localization sequence (NLS) in its 

N-terminal region (104). Many studies suggest IL-1R1 independent intracellular function of IL-1α 

(105). Maier et al. found that overexpression of IL-1α in human endothelial cell line resulted in 

impaired proliferation as well as enhanced PAI-1 and collagenase expression (106). These results 

were not observed when C-terminal region of IL-1α was overexpressed, although C-terminal region 

of IL-1α is sufficient to induce IL-1 signal through IL-1R1. Moreover, addition of IL-1Ra could not 
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cancel the effect of IL-1α overexpression, suggesting that IL-1α controls proliferation and gene 

expression in IL-1R1 independent manner. Although IL-1α itself does not have DNA binding 

domain, IL-1α fused to DNA binding domain of GAL4 can activate transcription (107). N-terminal 

region of IL-1α binds to histone acetyltransferase complex to promote transcription (108). 

 

Intracellular function of IL-1R2 

It is suggested that IL-1R2 also has intracellular roles by few reports. Kawaguchi et al. demonstrate 

that IL-1R2 and IL-1α co-localize in nuclei of fibroblasts from systemic sclerosis patients but not 

from healthy controls (109). IL-1R2 binds to C-terminal region of IL-1α. Knock down of Il1r2 

resulted in down regulation of IL-6 and procollagen type I production. Same as this report, Chang et 

al. show that overexpression of IL1R2 in human urothelial cell line induces mRNA transcription of 

IL-6 and collagen type I and knock down of IL1A cancels it (110).  

 

Purpose of study in chapter 2 

Since IL-1 maintenances Th17, I thought that IL-1R2 might suppress Th17 differentiation. From 

open access microarray data, I found that IL1R2 expression increases during Th17 differentiation 

(111). In Chapter 2, I tried to explore the roles of IL-1R2 in Th17 differentiation. Here, I show that 

IL-1R2 and IL-1α control Th17 differentiation at least in vitro.
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IV-3. Materials and Methods 

T cell purification 

For CD4+ T cells purification, pooled lymph nodes (LNs) and spleen cells were labeled with 

anti-mouse CD4 microbeads and sorted by auto MACS Pro Separator according to the 

manufacturer’s directions (Miltenyi Biotec; Bergisch Gladbach, Germany). 

 For CD4+ naïve T cells and Treg purification, pooled lymph nodes (LNs) and spleen cells 

were incubated with antibodies cocktail (Table 4) and then labeled with anti-biotin microbeads and 

biotin-labeled cell were removed by auto MACS Pro Separator. Naïve T cells 

(CD4+CD62L+CD25-) and Treg (CD4+CD25+) were purified from remaining cells by flow 

cytometry on a MoFlo XPD IntelliSort II. 

 

Table 4 

Antigen Label Clone Source 

TER119 Biotin TER119 BD Pharmingen 

CD8α Biotin 53-6.7 Biolegend 

CD11b Biotin M1/70 Biolegend 

CD25 Biotin PC61 Biolegend 

CD49b Biotin DX5 Biolegend 

B220 Biotin RA3-6B2 Biolegend 

γδTCR Biotin GL3 BD Pharmingen 

CD4 PE/Cy7 GK1.5 Biolegend 

CD62L Pacific Blue MEL-14 Biolegend 

CD25 APC 3C7 Biolegend 
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Helper T cell differentiation 

Purified CD4+ T cells or naïve CD4+ T cells were cultured in the condition described in Table 5 and 

6. For Th2 differentiation, naïve CD4+ T cells were cultured in 1st round condition for 5 d and then 

subcultured in fresh 2nd round condition for 2 d. X-VIVO 20 medium was purchase from Lonza 

(Basel, Switzerland). 

 

Table 5 

 Th17 Th17 Treg 

Cell CD4+ Naïve CD4+ Naïve CD4+ 

Medium R10 X VIVO 20 X VIVO 20 

Culture 3 d 5 d 5 d 
αCD3 (clone 145-2C11; Biolegend) 4 µg/ml 4 µg/ml 2 µg/ml 

αCD28 (clone 37.51; Biolegend) 1 µg/ml 1 µg/ml 1 µg/ml 

αIFNγ (clone XMG1.2; Biolegend) 1 µg/ml 1 µg/ml 1 µg/ml 

Murine IL-23 (R&D) 10 ng/ml - - 

Murine IL-6 (Peprotech) 20 ng/ml 40 ng/ml - 
Human TGFβ (Peprotech) 5 ng/ml 3 ng/ml 3 ng/ml 

 

Table 6 

 Th1 Th2 1st round Th2 2nd round 

Cell Naïve CD4+ Naïve CD4+ Naïve CD4+ 

Medium R10 R10 R10 

Culture 5 days 5 days 2 days 
αCD3 (clone 145-2C11; Biolegend) 2 µg/ml 1 µg/ml - 
αCD28 (clone 37.51; Biolegend) 1 µg/ml 1 µg/ml - 
αIFNγ (clone XMG1.2; Biolegend) - 10 µg/ml 10 µg/ml 

αIL-4 (clone 11B11; Biolegend) 1 µg/ml - - 

Murine IL-12 (Peprotech) 30 ng/ml - - 

Murine IL-4 (Peprotech) - 30 ng/ml - 

Murine IL-2 (Peprotech) 10 ng/ml - 30 ng/ml 
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qPCR 

For the measurement of mRNAs, cultured T cells were collected and total RNAs were purified 

using GenElute mammalian total RNA miniprep kit. qPCR was performed as described in Chapter 

1 and the content of mRNA was normalized to the amount of Gapdh mRNA. The primer sets are 

shown in Table 7. 

 

Table 7 

Gene  Forward (5’ to 3’) Reverse (5’ to 3’) 

Foxp3 CCCATCCCCAGGAGTCTTG ACCATGACTAGGGGCACTGTA 

Gapdh TTCACCACCATGGAGAAGGC  GGCATGGACTGTGGTCATGA  

Gata3 CTCGGCCATTCGTACATGGAA GGATACCTCTGCACCGTAGC 

Il17a CTCCAGAAGGCCCTCAGACTAC GGGTCTTCATTGCGGTGG 

Il17f TGCTACTGTTGATGTTGGGAC AATGCCCTGGTTTTGGTTGAA 

Il1a  TCGGGAGGAGACGACTCTAA  TGTTTCTGGCAACTCCTTCA  

Il1r2  GATCCAGTCACAAGGGAGGA   CCAGGAGAACGTGGAAGAGA   

Il21 GCCAGATCGCCTCCTGATTA CATGCTCACAGTGCCCCTTT 

Il22 TGACGACCAGAACATCCAGA AGCTTCTTCTCGCTCAGACG 

Il23r CATTGCACTGCTGAATGTCC TTCCAGGTGCATGTCATGTT 

Irf4 TCCTCTGGATGGCTCCAGATGG CACCAAAGCACAGAGTCACCTG 

Rorc AGCAGTGTAATGTGGCCTAC GCACTTCTGCATGTAGACTG 

Tbx21 AGCAAGGACGGCGAATGTT GGGTGGACATATAAGCGGTTC 

 

Flow cytometry 

Flow cytometry was performed as described in Chapter 1. Used antibodies are listed in Table 8. 
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Table 8 

Antigen Label Clone Source 

CD3ε APC/Cy7 145-2C11 Biolegend 

CD4 APC RM4-5 Biolegend 

CD4 PE/Cy7 RM4-5 Biolegend 

CD4 Brilliant Violet 510 RM4-5 Biolegend 

CD45.1 Pacific Blue A20 Biolegend 

CD45.2 FITC 104 Biolegend 

Foxp3 PE FJK-16s eBioscience 

IFNγ FITC XNG1.2 Biolegend 

IFNγ Pacific Blue XNG1.2 Biolegend 

IFNγ APC XNG1.2 Biolegend 

IL-17A Pacific Blue TC11-18H10.1 Biolegend 

IL-17A APC TC11-18H10.1 Biolegend 

IL-17A PE/Cy7 TC11-18H10.1 Biolegend 

IL-4 APC 11B11 Biolegend 

RORγ(t) PE B2D eBioscience 

 

EAE in CD4+ T cell-reconstituted mice 

CD4+ T cells were collected from 2D2 mice (Jackson Laboratory; Bar Harbor, ME, USA) or 

Il1r2-/-2D2 mice as described above and resuspended in PBS. 2 × 106 of these CD4+ T cells were 

transferred i.v. into Rag2-/- or Rag2-/-Il1r2-/- mice. 24 h later, these mice were immunized on day 0 

with 50 µl each of MOG/CFA emulsion at left fore-flank and right hind-flank subcutaneously. 

Immunized emulsion was prepared by mixing 1 ml of PBS containing 2 mg of MOG35-55 peptide 

with 1 ml of CFA containing 2 mg of heat-killed M. tuberculosis H37Ra. On day 0 and 8, 50 ng of 

pertussis toxin (PTx) (List Biological Laboratories, Inc; Campbell, CA, USA) was injected 
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intraperitoneally. On day 7, mice were immunized with 50 µl each of MOG/CFA emulsion at right 

fore-flank and left hind-flank subcutaneously. Clinical severity was scored for each body parts with 

total score 9. Limbs: 1 = hind limb paresis, 2 = one hind limb paralyzed, 3 = both hind limbs 

paralyzed, 4 = fore limbs paralyzed. Tail: 1 = partially paralyzed tail, 2 = paralyzed stiff tail, 3 = 

paralyzed limp tail. Trunk: 1 = partially paralyzed abdominal muscle, 2 = paralyzed abdominal 

muscle. When mice died, they were scored 10. 

 

Bone marrow chimera mice 

BMCs were isolated from WT (CD45.1) and Il1r2-/- or Il1a-/- (CD45.2) mice, mixed 1:1 ratio and 

resuspended in PBS. Total 1 × 107 BMCs were transferred i.v. into irradiated (5.5 Gy twice, 3 h 

apart) Rag2-/- or Rag2-/-Il1r2-/- mice. Four weeks later, these mice were used for naïve CD4+ T cell 

purification or EAE. For EAE, bone marrow chimera mice were immunized on day 0 with 50 µl 

each of MOG/CFA emulsion at left fore-flank and right hind-flank subcutaneously. Immunized 

emulsion was prepared by mixing 1 ml of PBS containing 2 mg of MOG35-55 peptide with 1 ml of 

CFA containing 5 mg of heat-killed M. tuberculosis H37Ra. On day 0 and 2, 200 ng of PTx was 

injected intraperitoneally. On day 7, mice were immunized with 50 µl each of MOG/CFA emulsion 

at right fore-flank and left hind-flank subcutaneously. On day 19, mice were perfused by PBS, and 

then draining LNs and spinal cord were collected for flowcytometry analysis. For single cell 
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preparation from spinal cord, organs were digested in type VIII collagenase (Sigma) for 30 min at 

37°C followed by final 20 mM EDTA for 10 min at room temperature. Digested organs were 

suspended in 30% percoll (Sigma) and mounted on 70% percoll for separation of mononuclear cells 

by centrifuge at 850 G for 20 min at 20°C. 

 

Statistical analysis 

P values were calculated using two-tailed unpaired student’s t-test for all experiments. P value < 

0.05 was defined as significant.  
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IV-4. Results 

Helper T cell highly expresses Il1r2 

First, I determined the Il1r2 expression in each helper T cell subsets by qPCR. Naïve CD4+ T cell 

was sorted by flowcytometer and differentiated to Th1, Th2 and Th17. CD4+CD25+ was sorted as 

Treg. Exact helper T cell sampling was confirmed by Tbx21, Gata3, Rorc and Foxp3 expression 

which are master regulator of Th1, Th2, Th17 and Treg respectively. I found that Il1r2 was highly 

expressed in each helper T cell subsets but not in naïve CD4+ T cell (Fig. 27). 

 

Impaired Th17 differentiation in Il1r2-/- CD4+ T cell independent of IL-1 signal 

To investigate the roles of IL-1R2 during Th17 differentiation, purified CD4+ T cell were cultured 

in Th17 differentiation condition which contains αCD3 antibody, αCD28 antibody, recombinant 

IL-6, recombinant TGFβ and recombinant IL-23. Endogenous IL-1 must existed in this condition, 

since Th17 differentiation of Il1r1-/- T cell was impaired (Fig. 28). Contrary to my expectation, 

Th17 differentiation of Il1r2-/- T cell was also impaired. When IL-1β was added to this culture 

condition, Th17 differentiation of WT T cell was enhanced but Il1r1-/- T cell was not. Although 

Th17 differentiation of Il1r2-/- T cell was also enhanced by IL-1β addition, its differentiation 

capacity was still lower than WT. To clarify whether impaired Th17 differentiation depend on IL-1 

signal or not, IL-1Ra was added to Th17 differentiation condition. No difference of Th17 
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differentiation capacity between WT and Il1r1-/- T cells indicated that addition of IL-1Ra nearly 

completely blocked the IL-1 signal. In this condition, Th17 differentiation of Il1r2-/- T cell was still 

lower than WT. Thus, impaired Th17 differentiation of Il1r2-/- T cell did not depend on IL-1 signal. 

qPCR analysis revealed that other Th17 related genes, such as Il17f, Il22 and Il23r, also 

down-regulated in Il1r2-/- T cell, although Il21 expression was similar between WT and Il1r2-/- T 

cell (Fig. 29). 

 Same results were obtained, when purified naïve CD4+ T cell were used for Th17 

differentiation assay (Fig. 30). Although Foxp3+ Treg cells arose together during Th17 

differentiation, cell number of Foxp3+ was similar between WT and Il1r2-/- T cells. It suggested that 

less % of IL-17A+ cell in Il1r2-/- T cells was not due to expansion of non-Th17 lineages.  

 In contrast, when naïve CD4+ T cell were cultured in Th1, Th2 and Treg differentiation 

condition, normal differentiation was observed in Il1r2-/- T cells (Fig. 31). 

 

IL-1R2 expressed by T cell controls Th17 differentiation 

To determine which IL-1R2 expressing cells are responsible for promoting Th17 differentiation, I 

generated the mixed bone marrow chimera mice. 1 : 1 mixture of WT (CD45.1) and Il1r2-/- 

(CD45.2) bone marrow cells were used as donor and irradiated Rag2-/- or Rag2-/-Il1r2-/- mice were 

used as recipient. Naïve CD4+ T cells were purified from the mixed bone marrow chimera mice and 
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cultured in both Th17 and Treg differentiation condition. No significant difference of Th17 

differentiation between Rag2-/- and Rag2-/-Il1r2-/- derived WT T cells suggested that IL-1R2 

expressed by non-hematopoietic cells were not involved in Th17 differentiation (Fig. 32). Impaired 

Th17 differentiation in Il1r2-/- T cells compared to WT T cells purified from same mice indicated 

that IL-1R2 expressed by T cell is responsible for promoting Th17 differentiation. Under Treg 

differentiation condition, no difference was observed in the frequency of Foxp3+ cells. 

 

Impaired Th17 differentiation in Il1a-/- CD4+ T cell 

Since IL-1R2 was thought to control Th17 differentiation independent of IL-1 signal, it was 

suggested that IL-1R2 works intracellularly collaborating with IL-1α. If so, Th17 differentiation of 

Il1a-/- T cell must decline. Consist with my prediction, naïve CD4+ T cell purified from Il1a-/- mice 

has impaired Th17 differentiation capacity (Fig. 33). And also, I found that Il1a expression of Th17 

was higher than that of naïve T cell (Fig. 27). 

 

Normal Rorc expression in Il1r2-/- CD4+ T cell 

Previous reports demonstrated that IL-1α enhances the transcription via interacting with histone 

acetyltransferase (HAT). Since IL-1α does not have DNA binding domain, it is suggested that 

IL-1α recruits HAT to promoter region through other DNA binding transcription factors (Fig. 34A). 
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IL-6 induces Il17a transcription through the three transcription factor cascade; STAT3, IRF4 and 

RORγ(t) (Fig. 34B). I examined the mRNA level of Irf4, Rorc and Il17a to unveil which 

transcription factor interact with IL-1α. I found that only mRNA level of Il17a, but not Irf4 and 

Rorc, was decreased in Il1r2-/- CD4+ T cell (Fig. 35). Normal RORγ(t) expression was also 

confirmed by flowcytometry (Fig. 36).Thus it was suggested that IL-1α interact with RORγ(t) to 

control Il17a transcription. This idea is consist with the data of Fig. 27, because Rorc-/- T cell shows 

same phenotype; down-regulation of Il17a, Il17f, Il22 and Il23r but not Il21 (75). At the same time, 

I also found that mRNA level of Il1r2 and Il1a increased during Th17 differentiation (Fig. 35). It 

indicated that IL-1R2-IL-1α system is needed for sustain Il17a transcription at late phase of Th17 

differentiation. 

 

Normal development of EAE in CD4+ T cell-specific Il1r2-/- mice 

Next, I attempted to analyze the pathogenicity of Il1r2-/- CD4+ T cells using Th17-dependent 

autoimmune model; EAE. It was demanded to generate CD4+ T cell-specific Il1r2-/- mice to 

separate the intracellular function of IL-1R2 in CD4+ T cells from the decoy receptor function in 

other cell types especially in macrophages. Although transfer of CD4+ T cells into Rag-/- mice can 

achieve this purpose, this method induces colitis in these mice due to proliferation of CD4+ T cells 

in response to commensal gut microbiota-derived antigens (112). Not to induce colitis, I used CD4+ 
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T cells collected from 2D2 mice; TCR-transgenic mice which recognize MOG (113). As expected, 

when 2D2 CD4+ T cells were transferred, Il1r2-/-Rag-/- mice developed severer EAE than Rag-/- mice 

(Fig. 37). It was probably because IL-1 signal was enhanced in Il1r2-/-Rag-/- macrophages. 

Unexpectedly, there were no difference in clinical scores between 2D2 CD4+ T cells transferred 

Rag-/- mice and Il1r2-/-2D2 CD4+ T cells transferred Rag-/- mice. 

 

Normal Th17 differentiation of Il1r2-/- and Il1a-/- T cell during EAE 

There were two possible causes for normal EAE development in CD4+ T cell-specific Il1r2-/- mice: 

(i) the reduction level of Th17-related genes in Il1r2-/- CD4+ T cell is not sufficient to alleviate EAE, 

and (ii) Th17 differentiation of Il1r2-/- T cell was not impaired in vivo. Although I had already found 

that Th17 differentiation was not affected by IL-1R2 deficiency during CIA (Chapter 1), I thought 

that inhibition of IL-1 signal by myeloid cell derived IL-1R2 offset the effect of IL-1R2 in Th17 

differentiation. For this reason, I need the experimental system which can evaluate the roles of 

IL-1R2 only in T cells. To this end, I induced EAE, an IL-17A dependent disease model, in mixed 

bone marrow chimera mice with 50% of WT and 50% of knockout bone marrow cells. In contrast 

to my anticipation, Th17 as well as Th1 and Treg differentiation was similar between WT and 

Il1r2-/- T cells in LN and CNS of EAE induced mice (Fig. 38). Likewise, Il1a-/- T cells also have 

normal helper T cell differentiation capacity during EAE (Fig. 39). 
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IV-5. Discussion 

The two facts implant in me the idea that IL-1R2 suppresses Th17 differentiation: (i) IL-1 promotes 

Th17 differentiation and (ii) IL-1R2 is highly expressed by Th17. Though, I found that Il1r2-/- 

CD4+ T cells have less capacity to differentiate to Th17 in IL-1R1 signal independent fashion. It 

was due to lack of IL-1R2 in T cell. Since Il1a-/- CD4+ T cells were also hard to differentiate to 

Th17, it seemed that IL-1R2 and IL-1α collaborate to enhance Th17 differentiation. No difference 

of RORγ(t) expression between WT and Il1r2-/- Th17 suggested that IL-1R2 and IL-1α directly 

controlled the Il17a transcription. However, impaired Th17 differentiation in Il1r2-/- and Il1a-/- 

CD4+ T cell was not observed during EAE. 

 The discrepancy in roles of IL-1R2 in Th17 differentiation between in vitro and in vivo 

may be explained by following points. First, Th17 differentiation might be saturated in vivo on day 

19 of EAE. Generally, EAE starts to develop on day 10 and its severity peaks at day 20. Impaired 

Th17 differentiation of Il1r2-/- and Il1a-/- CD4+ T cell may be observed at earlier time points. 

Second, the involvement of IL-1R2 and IL-1α in Th17 differentiation is too subtle to be detected in 

vivo. Third, other factors, which are absent in vitro culture condition, may cancel the effect of 

IL-1R2 and IL-1α. Fourth, in vitro generated Th17 and in vivo generated Th17 have different 

features such as expression and localization of IL-1R2 and IL-1α. 
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 The molecular mechanisms how IL-1R2 and IL-1α control Th17 differentiation remain 

unclear. ChIP assay using anti-IL-1α antibody will reveal the genes controlled by IL-1α. 

Transcription factors which bind to IL-1α can be explored by mass spectrometry after 

immunoprecipitation using anti-IL-1α antibody. There are few clues to predict the molecular role of 

IL-1R2 in transcription. IL-1R2 protects IL-1α from cleavage by calpain, the proteolytic enzyme 

which processes IL-1α to N-terminal peptide and C-terminal peptide (22). Full length IL-1α has 

more efficient transcription activity than N-terminal peptide of IL-1α (107). Altogether, it seems 

that IL-1R2 increases the amount of full length IL-1α which has effective transcription activity. 

Although calpain inhibition during Th17 differentiation in vitro does not affect the production level 

of IL-17A (114), this report does not conflict to my hypothesis because of existence of various 

calpain target other than IL-1α. It is unclear why full length IL-1α has more efficient transcription 

activity. Nuclear localization of IL-1α is not affected by IL-1R2 (109). Consist with this, Full 

length IL-1α and N-terminal peptide of IL-1α have similar nuclear localization capacity (115). 

Conversely, two reports shows that full length IL-1α has less nuclear localization capacity than 

N-terminal peptide of IL-1α (106, 116). IL-1R2 may stabilize IL-1α-HAT complex. Conceivably, 

IL-1R2 might regulate Th17 differentiation in IL-1α independent manner. 

 Although the role of IL-1R2 and IL-1α in Th17 differentiation has few meaning in 

physiological condition, it is interesting that cytokine and its receptor act as transcriptional regulator. 
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Previous reports showed that several cytokines play roles intracellularly. IL-33, one of the IL-1 

family genes, also has NLS in its N-terminal region and localizes to nuclei (117). IL-33 interacts 

with NF-κB to prevent its binding to DNA, which results in down-regulation of NF-κB dependent 

transcription (118). HMGB is originally recognized as a transcriptional modulator (119), but now it 

is well known that HMGB induce inflammation through various receptors (120). IL-1α, IL-33 and 

HMGB are classified into damage-associated molecular patterns (DAMPs), since they share the 

feature; they localize in nuclei not to be secreted at steady state and are released upon necrosis.  

 In this study, I found the intracellular role of IL-1α/IL-1R2 in Th17 differentiation. I need 

further study to reveal the importance of intracellular role of IL-1α/IL-1R2 under physiological 

condition as well as the molecular mechanism how IL-1α/IL-1R2 controls transcription. 
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FIGURE 27. The Il1r2 and Il1a expression in each T cell subsets. 
mRNA were extracted from sorted naïve CD4+ T cell and Treg as well 
as differentiated Th1, Th2 and Th17. The expression of Il1r2, Il1a, 
Tbx21, Gata3, Rorc and Foxp3 mRNA was analyzed by quantitative 
PCR. Data are the mean ± s.d. of triplicates.�
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IV. Figures�



WT Il1r1-/- Il1r2-/- 

FIGURE 28. Impaired Th17 differentiation of Il1r2-/- CD4+ T cell. 
CD4+ T cells were purified from WT, Il1r1-/- or Il1r2-/- mice. Purified 
cells were cultured in Th17 differentiation condition with or without 
IL-1β or IL-1Ra. % of IL-17A+ cell was measured by flowcytometry on 
day 3. Data are the mean ± s.d. of triplicates. *P < 0.05 by the two-
tailed unpaired student’s t-test compared to WT in the same condition. 
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FIGURE 29. Th17 related Gene expression during Th17 
differentiation. 
CD4+ T cells were purified from WT or Il1r2-/- mice. Purified cells 
were cultured in Th17 differentiation condition. RNA was extracted on 
day 0, 1 and 3. The amount of mRNA was measured by qPCR. Data are 
the mean ± s.d. of triplicates. *P < 0.05 by the two-tailed unpaired 
student’s t-test.�
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Naïve CD4+ T cells were purified from WT, Il1r1-/- and Il1r2-/- mice. 
Purified cells were cultured in Th17 differentiation condition with or 
without or IL-1Ra. % and number of IL-17A+ cell were measured by 
flowcytometry on day 5. Data are the mean ± s.d. of triplicates. *P < 
0.05 by the two-tailed unpaired student’s t-test.�
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condition with or without or IL-1Ra. % of IL-17A+ cell was measured 
by flowcytometry.. Data are the mean ± s.d. of triplicates.�
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differentiation. 
Naïve CD4+ T cells were purified from WT or Il1r2-/- mice. Purified 
cells were cultured in Th17 differentiation condition. RNA was 
extracted on day 0, 1 and 3. The amount of mRNA was measured by 
qPCR. Data are the mean ± s.d. of triplicates. *P < 0.05 by the two-
tailed unpaired student’s t-test.�
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V. Conclusion 

In this report, I analyzed the in vivo roles of IL-1R2 using Il1r2-/- mice for the first time. 

In chapter III, I demonstrated that IL-1R2 suppresses CIA by inhibiting IL-1 signal on 

macrophages. These results have re-confirmed the important roles of IL-1 in the development of 

arthritis. Also, the results clearly show that IL-1R2 is an important regulator of IL-1 function in vivo 

as a macrophage-specific decoy receptor. However, the roles of IL-1R2 in neutrophils still remain 

unclear, and further studies are needed. 

In chapter IV, I showed that IL-1R2 promotes Th17 differentiation in a IL-1R1 signal 

independent manner. Although intracellular roles of IL-1α are reported by dozens of groups, that of 

IL-1R2 is reported by only few groups. My results strongly indicate that IL-1R2 has additional 

functional roles other than a decoy receptor for IL-1. The elucidation of the molecular mechanisms 

of Th17 cell differentiation by IL-1α/IL-1R2 as well as physiological and pathogenic roles of 

intracellular IL-1α/IL-1R2 should be very important not only to understand complex functional 

roles of IL-1 in our body but also to develop new therapeutics for inflammatory and autoimmune 

diseases. 
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