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Abstract 

The aim of this study was to examine whether inhibition of Interleukin (IL)-6 

signaling by MR16-1, an IL-6 receptor antibody, attenuates aortitis, cardiac 

hypertrophy, and arthritis in IL-1 receptor antagonist deficient (IL-1RA KO) mice.  

Four weeks old mice were intraperitoneally administered with either MR16-1 or 

non-immune IgG at dosages that were adjusted over time for 5 weeks.  These 

mice were stratified into 4 groups: MR16-1 treatment groups, KO/MR low group 

(first 2.0 mg, following 0.5 mg/week, n=14) and KO/MR high group (first 4.0 mg, 

following 2.0 mg/week, n=19) in IL-1RA KO mice, and IgG treatment groups, 

KO/IgG group (first 2.0 mg, following 1.0 mg/week, n=22) in IL-1RA KO mice, 

and wild/IgG group (first 2.0 mg, following 1.0 mg/week, n=17) in wild mice.  

Aortitis, cardiac hypertrophy and arthropathy were histologically analyzed.  

Sixty-eight % of the KO/IgG group developed aortitis (53% developed severe 

aortitis).  In contrast, only 21% of the KO/MR high group developed mild aortitis, 

without severe aortitis (P<0.01, vs KO/IgG group).  Infiltration of inflammatory 

cells, such as neutrophils, T cells, and macrophages, was frequently observed 

around aortic sinus of the KO/IgG group.  Left ventricle and cardiomyocyte 

hypertrophy were observed in IL-1RA KO mice.  Administration of high dosage 

of MR16-1 significantly suppressed cardiomyocyte hypertrophy.  MR16-1 

attenuated the incidence and severity of arthritis in IL-1RA KO mice in a 

dose-dependent manner.  In conclusion, blockade of IL-6 signaling may exert a 

beneficial effect to attenuate severe aortitis, left ventricle hypertrophy, and 

arthritis. 

 

(239 words) 
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Introduction 

Interleukin (IL)-1 is a major mediator of inflammation.  Binding of IL-1 to 

IL-1 receptor type 1 subsequently produces many pro-inflammatory cytokines, 

such as IL-1, IL-6 and tumor necrosis factor (TNF-α),(1) to induce inflammation.  

Produced IL-1 binds to its receptor following a positive feedback loop to induce 

more or sustained inflammation.  The IL-1 receptor antagonist (IL-1RA) 

negatively regulates IL-1 signaling by binding and blocking its functional 

receptors.(2,3)  Thus, IL-1RA plays a significant role in development of acute 

and chronic inflammation.   

Previously, IL-1RA deficient (IL-1RA KO) mice were produced to elucidate 

pathophysiological roles of IL-1.(4)  Interestingly, IL-1RA KO mice 

spontaneously develop several autoimmune diseases, like arthritis,(5) aortitis, 

(6) and dermatitis(7) that histologically mimic human psoriasis.(8)  The most 

particular phenotype is polyarthropathy that closely mimic rheumatoid arthritis 

(RA) in humans.(5)  Most of IL-1RA KO mice developed arthritis at 14 weeks of 

age.(9)  Histopathology revealed marked synovial and periarticular 

inflammation in IL-1RA KO mice, with articular erosion caused by invasion of 

granulation tissues.  Therefore, IL-1RA KO mice are recognized useful to 

investigate arthritis.(5,10,11) 

Regarding large vessel vasculitis (LVV) including Takayasu arteritis (TAK) 

and giant cell arteritis (GCA), the very limited availability of tissue samples from 

these patients has significantly impeded our progress in understanding the 

etiology and pathogenesis.  In clinical practice, several immunosuppressive 

agents have been used to treat the patients with TAK and GCA.  A few of them 

can successfully manage the disease activity, however, detail mechanism how 

these agents can work still remains unclear.  Therefore, the creditable animal 

model for LVV should be extremely essential to figure out the cause of diseases 

as well as to explore a new therapeutic option.  So far, few of the animal models 

could fully mimic human LVV.  Of interest, a half of IL-1RA KO mice develop 

aortitis at the age of 8 weeks,(9)  presenting the immune and pathological 

features of the human LVV, the accumulation of many inflammatory cells, 

including T cells, neutrophils, macrophages, and so on.  TNF-α is involved in 

the development of aortitis in this mice model.(9)  

In addition, chronic inflammation in association with IL-1/IL-1RA may 

affect morphology in cardiomyocytes.  Continuous activation of gp130, a 

signal-transducing receptor component for IL-6-related cytokines, causes 
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myocardial hypertrophy in mice.(12)  The pressure overload by degenerative 

aortic valve stenosis induces left ventricular (LV) hypertrophy.(5,8)  However, 

few have reported the morphological change of cardiomyocytes in IL-1 RA KO 

mice. 

Therapeutic monoclonal antibodies provide their effects via binding to 

specific target molecules, which is expected to demonstrate rare off-target 

adverse reactions.  However, non-clinical evaluation of monoclonal antibodies  

(mAbs) is often difficult since they may lack reactivity toward orthologous targets 

in animals.(13,14)  Recently, MR16-1 was developed as Rat anti-mouse IL-6 

receptor mAb.(15,16)  The MR16-1 has been used in many experimental 

models to assess the effects of blockade of IL-6 signaling.(17-23) 

Given these above, we hypothesized that MR16-1 could attenuate 

inflammation in IL-1 RA KO mice to improve autoimmune disorders.  In the 

present study, we aimed to examine the effect of blockade of IL-6 signaling by 

MR16-1 on several autoimmune diseases, like aortitis, LV hypertrophy and 

arthritis, using IL-1 RA KO mice. 
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Experimental 

Animals and MR16-1 

IL-1RA KO mice(4) were obtained from the Institute of Medical Science of 

the University of Tokyo and maintaining in the animal resource center of 

Okayama University.  All the animal experiments were performed to conform to 

the NIH guidelines (Guide for the care and use of laboratory animals).  The 

experimental protocol was approved by the Ethics Review Committees for 

Animal Experimentation of Okayama University Graduate School of Medicine, 

Dentistry, and Pharmaceutical sciences (OKU-2019293).  All mice were 

maintained in a barrier facility and fed a normal laboratory diet.  MR16-1 was 

kindly gifted from Chugai Pharmaceutical, Tokyo, Japan. 

 

Experimental Design 

Both male and female mice used in this study were 4 weeks old with more 

than 10 g in body weight.  Mice were stratified into 4 groups: MR16-1 low dose 

(KO/MR low group: first 2.0 mg, following 0.5 mg/week; n = 14), MR16-1 high 

dose (KO/MR high group: first 4.0 mg, following 2.0 mg/week; n = 20) in IL-1RA 

KO mice, IgG (KO/IgG group: first 2.0 mg, following 1.0 mg/week; n = 22) in 

IL-1RA KO mice, and IgG (wild/IgG group: first 2.0 mg, following 1.0 mg/week; n 

= 19) in wild type mice.  All mice were administered intraperitoneally with either 

MR16-1 or IgG once a week from 4 weeks old for 5 weeks.  After anesthetizing 

the mice with isoflurane (1.5 - 3.0 %, flow rate of 200 - 300 mL/min, inhalation), 

their tissues and plasma were harvested at 9 weeks old.   

 

Blood Pressure, Heart Rate, Body and Heart Weight Measurement  

Systolic blood pressure and pulse rate were measured by 

sphygmomanometry using a tail cuff system (BP-98A, Softron) following a 

published protocol.(24)  Conscious mice were introduced into a small holder 

mounted on a thermostatically controlled warming plate and maintained at 37°C 

during measurement.  Body and heart weights of the study mice were also 

measured. 

 

Histological and in vivo Evaluation for Aortitis 

The aortic valve was fixed in 10 % phosphate-buffered formalin and the 

cryosections were obtained.  Sections (10 µm) were stained with hematoxylin 

eosin (HE) and masson trichrome.  The severity of aortitis was graded on a 
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scale of 0 to 3 by the degree of inflammation near the aortic valve, as described 

previously (9); score 0 = normal and no infiltration; score 1 = infiltration and loss 

of elastic lamellae over less than one third of the media of the aortic sinus; score 

2 = loss in one third to two thirds of the aortic sinus; score 3 = loss over more 

than two thirds of the aortic sinus.  Severity of the inflammation around aortic 

valve was evaluated in a blinded manner by two independent observers. 

 

Immunostaining 

Immunohistochemical staining was performed to detect T cell, B cell, 

neutrophil, and macrophage using a CD3ε antibody (Cell Signaling Technology, 

Cat.No.99940), B220 antibody (BD Biosciences, Cat.No.557390), Gr-1 antibody 

(Invitrogen, Cat.No.14-5931-81), and a CD68 antibody (SEROTEC, 

Cat.No.MCA1957), respectively.  Reactivity of the antibodies with tissue 

antigens was detected using AEC and ImmPACT AEC HRP Substrate (Vector 

Laboratories) as described previously.(25) 

 

Echocardiography 

To examine heart function, transthoracic echocardiography on mice (9 

weeks old) was performed without anesthesia by TOSHIBA Xario XG SSA-680A.  

Left ventricular posterior wall thickness at end diastole was measured via the 

M-mode of left ventricular parasternal long-axis view. LV diameter at end 

diastole (LVDd) and at end systole (LVDs) was also measured at same view. 

Fraction shortening (FS) was calculated by following formula: FS = (LVDd – 

LVDs) / LVDd x 100.  

 

Measurement of the Size of a Cell 

The LV wall including papillary muscles were fixed in 10% 

phosphate-buffered formalin and embedded in paraffin.  Sections (10 µm) were 

stained with HE.  The cross-sectional area of 100 cardiomyocytes in the LV wall 

per sample was measured one by one using Image J, then averaged all 

measurements to determine the representative size of a cell for each mouse.  

 

Plasma Cytokine Levels 

Plasma concentrations of proinflammatory cytokine were determined by 

The Bio-Plex Pro Mouse Cytokine Th17 Panel A 6-Plex Immunoassay (BIO-RAD 

#M 6000007NY). 
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Western Blotting  

Whole dissected ankles were homogenised in lysisbuffer (Cell Signaling, 

Cat. No. 9803) containing protease inhibitors by the bone crusher.(26)  Each 

sample was loaded onto 10% SDS-PAGE and transferred to polyvinylidene 

fluoride membrane, immunoblotted with primary antibodies (p-STAT3; Cell 

Signaling Cat. No. 9145, STAT3; Cell Signaling Cat. No. 30835). Membranes 

were then incubated with appropriate secondary antibodies, and immune 

complexes were visualized on chemiluminescence (Merck Millipore, Cat. no. 

WBLUF0100, Cat. no. WBLUC0100) and quantified using a General Electric 

Imager (GE Healthcare, LAS 4000 mini).(24,25) 

 

Macroscopic Evaluation for Arthritis 

All mice were examined weekly for 5 weeks.  Severity of arthritis was 

assessed by measuring hind paw thickness with calipers to quantitate edema, 

determined the incidence of joint rate in front and hind paws (25 % for each paw 

and the maximum incidence being 100 %), and the degree of arthritis was 

evaluated on a scale of 0 (no inflammation) to 3 (severely inflamed) for each paw 

(the maximum score being 12).(27)  The degree of arthritis was evaluated in a 

blinded manner by four independent observers.  The incidence of arthritis was 

determined as the arthritis score of 1 or more. 

 

Histological and in vivo Evaluation for Arthritis 

Joints were fixed in 4 % paraformaldehyde, decalcified in 10 % 

EDTA-4Na, and embedded in paraffin.  Sections (5 µm) were stained with HE 

and tartrate-resistant acid phosphatase (TRAP).(28)  Severity of the 

inflammation and erosion around talus bones and cuneiform bones was 

evaluated in a blinded manner by four independent observers using scoring 

systems.  In the HE staining, the severity of inflammation was determined by 

the area of inflammatory cells infiltrates; score 0 = no significant inflammatory 

cell infiltrates, score 1 = mild diffuse inflammatory cell infiltrates, score 2 = 

moderate inflammatory cell infiltrates, score 3 = marked inflammatory cell 

infiltrates.  The severity of erosion was determined by the area of erosion; score 

0 = no erosion, score 1 = mild erosion, score 2 = moderate erosion, score 3 = 

severe erosion.  In TRAP staining, the number of osteoclasts around talus 

bones and cuneiform bones was counted. 
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Statistics 

All statistical analyses were performed using Sigma Plot v14.0 (Systat 

Software Inc. California, USA).  Data are presented as mean ± standard 

deviation or standard error of the mean where appropriate.  Statistical 

significance among multiple groups was assessed by one-way analysis of 

variance followed by Holm-Sidak post hoc test or Student-Newman-Keuls post 

hoc test.  Severity of aortitis was analyzed by Fisher Exact test.  A P value < 

0.05 was considered statistically significant. 
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Results 

Hemodynamics and Weight 

No significant difference was found in systolic blood pressure and heart rate 

among 4 groups (Table 1). (9)    IL-1RA KO mice developed normally before 

weaning at 4 weeks old and were fertile.  However, their growth became 

retarded at 6-to-9 weeks old; a significant difference was found between wild 

and KO in IL-1RA genotype regardless of the treatment at 9 weeks old (wild vs 

KO, P < 0.05).  These observations suggest a beneficial role for IL-1RA in 

growth and homeostasis. (4) 

 

MR16-1 Attenuated Aortitis in IL-1RA KO Mice 

To investigate development and severity of aortitis, we performed HE 

(Figure 1Aa-c) and masson trichrome (Supplemental Figure 1A-D) staining of 

the aortic valve sections.  Figure 1.A showed a representative photograph of 

each score for arterial inflammation around the aortic sinus of IL-1RA KO mice. 

(9)  No mice in the wild/IgG group developed aortitis.  In the KO/IgG group, the 

percentage for score 0, 1, 2, and 3 were 32, 32, 9, and 27 %, respectively.  In 

the KO/MR low group, the percentage for score 0, 1, 2, and 3 were 57, 36, 7, 

and 0 %, respectively.  In the KO/MR high group, score 0 was 79 %, the 

remainder was score 1 (Figure 1B).  Of the mice with aortitis in the KO/IgG 

group, 54 % developed moderate-severe aortitis.  In contrast, no mice in the 

KO/MR high group developed moderate-severe aortitis.  Two out of eight mice 

with severe aortitis of the KO/IgG group died.  This group displayed serious 

phenotype of aortitis (P = 0.00414, Figure 1C). 

 

Innate Inflammatory Cells Infiltrate into the Vessel Wall in Aortic Lesions 

To evaluate which types of immune cells are accumulated into aortic 

lesions in aortitis, the aortic valve sections were stained with antibodies against 

several cell type-specific markers.  A large number of CD3 positive cells (Figure 

2Ab, Af) and many Gr-1 positive cells (Figure 2Bb, Bf) were dominantly 

observed, smaller populations of CD68 positive cells (Figure 2Cb, Cf) and B220 

positive cells (Supplemental Figure 2B, b) in the aortic lesions of the KO/IgG 

group.  Infiltration of several types of inflammatory cells was observed in the 

KO/IgG group.  In the MR treatment groups as well as the wild/IgG group, few 

infiltrations of inflammatory cells was observed.  Thus, MR16-1 significantly 
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suppressed the infiltration of inflammatory cells (Figure 2, Supplemental Figure 

2). 

 

Heart Weight 

Similarly to body weight, the KO/IgG and the KO/MR high groups also 

showed a small but significant decrease in heart weight (vs the wild/IgG group).  

However, no significant difference was found in heart weight-to-body weight ratio 

among 4 groups (Table 2).(9) 

 

Development of Cardiac Hypertrophy in IL-1RA KO Mice 

Aortic valve plays an essential role in heart function.  Since arterial 

inflammation in IL-1RA KO mice occurs specifically in the aortic sinus, we 

performed echocardiograms of 4 groups to examine aortic valve function.  The 

representative echocardiogram of each group was shown (Figure 3Aa-d).  The 

thickness of the LV posterior wall in the KO/IgG and the KO/MR low groups 

notably increased compared to that in the wild/IgG group (Figure 3B), but not 

statistically significant in the KO/MR high group (Figure 3B).  FS of the KO/MR 

low group increased significantly compared to other groups (Figure 3B), however, 

FS of all groups were within the normal range.  Furthermore, to evaluate the 

morphological changes of cells in LV, heart sections were stained with HE.  The 

representative images of mice of 4 groups were shown (Figure 3Ca-d).  The 

size of cardiomyocytes was significantly larger in the KO/IgG and the KO/MR low 

group than that in the wild/IgG group (Figure 3D).  However, the size of these 

cells was not significantly different between the wild/IgG and the KO/MR high 

group (Figure 3D). 

 

Effects of IL-6 inhibition by MR-16 

Plasma levels of proinflammatory cytokines were shown (Figure 4A).  

Administration of MR16-1 significantly increased the plasma concentration of 

IL-6 compared to the IgG groups, which most likely reflects a release of 

receptor-bound IL-6 by MR16-1, as previously reported.(29)  Namely, this 

increment of the concentration of IL-6 suggests that MR16-1 enables to inhibit 

IL-6 signaling.  Plasma concentrations of other cytokines did not significantly 

differ among 4 groups.  In order to confirm the inhibitory effect of MR16-1, 

activation of STAT3, which is a downstream signal of IL-6, was evaluated by 

western blotting (Figure 4B).  STAT3 activation significantly increased in the KO 
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/ IgG group compared with the wild / IgG group.  Treatment with MR16-1 at both 

low and high concentrations abolished the inhibition of STAT3 activation in the 

KO/IgG groups compared to wild type/IgG groups.  These results demonstrated 

that MR16-1 inhibits IL-6 signal. 

 

MR16-1 Improved Arthritis in IL-1RA KO Mice  

Paw edema, evaluated by paw thickness, significantly increased only in 

the KO/IgG group compared with the wild/IgG group.  In contrast, the paw 

thickness did not significantly increase by MR16-1 treatment compared to the 

wild/IgG group (Figure 5A).   

Next, the arthritis score was markedly higher in the KO/IgG group and the 

KO/MR low group than the wild/IgG groups.  However, the treatment with 

MR16-1 at high dosage significantly decreased the arthritis score compared with 

the KO/IgG group and the KO/MR low group (Figure 5B).  

Regarding the incidence of joint rate, a significantly increase was 

observed in the KO/IgG and the KO/MR low groups compared with the wild/IgG 

group, with 31 % of the joint incidence in the KO/IgG group and 36 % in the 

KO/MR low group whereas 0 % in the wild/IgG group exhibiting arthritis 

determined by the final observation.  By contrast, the joint incidence did not 

significantly differ between the wild/IgG and the KO/MR high group, with only 

19 % of the incidence of joint rate in the KO/MR high group exhibiting arthritis by 

the final observation (Figure 5C).  Furthermore, the incidence of arthritis in the 

KO/MR high group was consistently low from 5 to 9 weeks old compared with 

the KO/IgG and the KO/MR low group.  The significant difference was found in 

the incidence of arthritis between the KO/MR high group, and the KO/IgG group 

(P = 0.00001) or the KO/MR low group (P = 0.02304).  The treatment with 

MR16-1 suppressed arthritis in dose-dependent manner (Figure 5D).  

 

MR16-1 Histologically Attenuated Arthritis in IL-1RA KO Mice 

To analyze the inflamed joints histologically, HE (Figure 6A-D) and TRAP 

(Figure 6a-d) staining of the ankle joints were performed.  The wild/IgG group 

exhibited no inflammation and bone destruction in any joints (Figure 6A, a).  

Whereas, the KO/IgG group developed severe inflammatory cell infiltrates 

(Figure 6B) and exhibited increased osteoclast formation (Figure 6b).  The 

treatment with MR16-1 suppressed inflammatory cell infiltrates and osteoclast 

formation in dose-dependent manner (Figure 6B-D, b-d).  Next, we quantified 
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the severity of inflammation and bone erosion using histological scoring systems.  

The arthritis score was significantly higher in the KO groups than the wild/IgG 

group (Figure 6E).  The arthritis score in the KO/MR high group was 

significantly lower than the KO/IgG group (Figure 6E).  The erosion scores were 

significantly higher in the KO groups than the wild/IgG group (Figure 6F).  

However, the erosion score was significantly lower in the KO/MR high group 

than the KO/IgG group, in the similar fashion of arthritis score.  To quantitatively 

evaluate osteoclast formation in the inflamed joints, we counted the number of 

the sections around talus bones and cuneiform bones stained with TRAP.  The 

number of osteoclasts significantly increased in arthritic joints in the KO/IgG 

group and the KO/MR low group compared with the wild/IgG group (Figure 6G).  

The number of osteoclasts in the KO/MR high group improved compared to the 

KO/IgG group (Figure 6G).  These results suggest that increased bone erosion 

in inflamed joints of mice is associated with enhanced osteoclast formation in 

IL-1RA KO mice. 
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Discussion 

Recently, IL-6 has gained attention as a therapeutic target for the 

treatment of several autoimmune disorders.  Growing evidence emerged a new 

therapy using anti-IL-6 receptor antibody for the treatment of RA.  In the 

present study, using IL-1RA KO mice, we found several observations; Firstly, 

blockade of IL-6 signaling by MR16-1, an IL-6 receptor antibody, attenuated 

development of severe aortitis as well as arthritis, through suppression of 

infiltration inflamatory cells.  Secondly, IL-1RA KO mice developed LV 

hypertrophy in association with cardiomyocyte hypertrophy.(8)  MR16-1 

suppressed both LV and cardiomyocyte hypertrophy. 

The previous study has reported that the incidence of aortitis in IL-1RA 

KO mice was approximately 50 %, furthermore, the incidence and severity 

increased in IL-6 deficient condition in IL-1RA KO mice.(9)  Our study 

demonstrated that the incidence of aortitis in IL-1RA KO was in agreement with 

the previous studies, whereas, blockade of IL-6 signaling by MR16-1 

suppressed the incidence and severity of aortitis in IL-1RA KO unlike the 

previous studies.  The reason for the discrepancy can be considered several 

causes.  Firstly, it has previously been reported that data obtained from 

IL-6-deficient mice may not equate to data obtained by IL-6 blockade using 

neutralizing antibody, because the complete absence of IL-6 in knockout mice 

has been reported to display hematopoietic defects.(30)  Besides, it has been 

proposed that IL-6 is a pleiotropic cytokine with pro- and anti-inflammatory 

properties.  It turns out that regenerative or anti-inflammatory activities of IL-6 

are mediated by classic signaling whereas pro-inflammatory responses of IL-6 

are rather mediated by trans-signaling.(31)    These anti-inflammatory effects 

have been attributed to the inhibition of IL-1 and TNF-α production.  The 

induction of IL-1RA synthesis by IL-6, as well as the release of soluble TNF-α 

receptors into the circulation, may be equally important factors in the modulation 

of inflammatory responses.(32)  It was also reported that IL-6 deficiency 

induced overproduction of TNF-α in streptococcus pyogenes-infected mice.(33)  

Moreover, IL-6 present before the onset as well as in the very early phase of 

concanavalin A-induced hepatitis induced hepatoprotective pathways, whereas 

continuation of IL-6 production beyond this early phase, by some other pathway, 

seems to be harmful to hepatocytes.(34)  Thus, it is presumed that the 

TNF-α/IL-6 balance may be a key factor in regulating immune responses.(35) 

IL-1β potently induces the expression of adhesion molecules in the endothelial 
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cells and promotes the recruitment of neutrophils to the site of inflammation.  

Upon infiltration to the site of inflammation, neutrophils produce soluble IL-6 

receptor (sIL-6R) by proteolytic cleavage of the membrane bound form 

(mbIL-6R).  Endothelial cells are subsequently stimulated via IL-6 

trans-signaling, converting chemokine expression from CXC chemokines like 

keratinocyte-derived chemokines, to CC chemokines like MCP-1, consequently 

resulting in the accumulation of monocytes and T cells.  In addition, L-selectin 

and ICAM-1 mediated tethering of leukocytes are enhanced.  While IL-6 

induces apoptosis of neutrophils and hence contributes to neutrophil clearance, 

maintenance of CD4+ TH17 cells is mediated by IL-6 trans-signaling.(31)  Thus, 

it is likely that MR16-1 binding to sIL-6R might suppress inflammatory cell 

infiltration induced by IL-1.  Histologically, the types of inflammatory cells, loss 

of elastic lamellae in the aortic media, and neovascularization were also 

frequently observed, demonstrating inflammation.  These pathological findings 

mimic several aspects of TAK in agreement with a previous report.(6)  

Unfortunately, acquired samples were limited not enough to perform flow 

cytometry to evaluate detailed quantification of immune cells  IL-1RA KO mice 

may be, in part, a suitable experimental model for the development of new 

treatments for TAK.  It is suggested that blockade of IL-6 signaling could 

contribute to the treatment of TAK.  In clinical setting, inflammatory cells, 

particularly Th17 and Th1 cells, and cytokines including interferon-γ, TNF-α, IL-6, 

IL-8, IL-17A and IL-18, increase in patients with TAK.(36-40)  Elevated IL-6 

concentration is associated with increase in the activity of LVV.(36,37,41)  

Recently, 2 large clinical trials show that tocilizumab, a humanized 

anti-interleukin-6 receptor  monoclonal antibody, is highly effective in the 

treatment for the patients with TAK(41) and GCA.(42)  These evidences clearly 

indicate that IL-6 is involved in the development of LVV.  Thus, IL-1RA KO mice 

can be a useful model to investigate the pathophysiology of TAK.  

Although lower body weight is a sensitive indicator of illness in mice, no 

significant difference was found in BW among the KO/IgG group, KO/MR low 

group, and KO/MR high group in this study.  Therefore, we speculate that the 

cause of weight loss was not only inflammation but also other factors.  Since a 

few of cytokines, including IL-1 and TNF-α, induce anorexia, the retarded growth 

rates in IL-1 RA KO mice could be due to appetite loss caused by overproduction 

of IL-1 in the satiety center in the brain.(4)  Additionally, LV hypertrophy was 

observed in IL-1RA KO mice by echocardiograms and histological analysis 
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although HW/BW was not significantly different.  HW/BW is an important 

indicator of cardiac hypertrophy, but it is greatly affected by the growing season 

and nutritional status.  Thus, it might be better to compare the HW / the tibia 

ratio. 

  So far, the precise mechanism to develop LV hypertrophy in these mice 

has been poorly elucidated.  Two potential mechanisms have been suggested.  

One is, pressure overload by aortic valve stenosis may induce LV 

hypertrophy.(5,8)  The other is, continuous activation of gp130, a 

signal-transducing receptor component for IL-6-related cytokines, caused 

myocardial hypertrophy in mice.(12)  In our study, the treatment with MR16-1 at 

high dosage attenuated cardiomyocyte hypertrophy, finally suppressed LV 

hypertrophy in IL-1RA KO mice.  Although hypertrophy is initially a 

compensatory mechanism, sustained cardiac hypertrophy ultimately leads to 

decompensated heart failure.(43)  Cardiac remodeling involves several 

molecular pathways, including neurohormonal activation via the 

sympathoadrenomedullary and renin-angiotensin-aldosterone systems, 

oxidative stress, and altered energy metabolism: all these pathways can 

converge on inflammation.(44)  Many researchs have been conducted to 

investigate the progression of cardiac hypertrophy to heart failure,(44-47) 

however, the mechanism by which this process is suppressed remains unclear.  

Therefore, it is crucial to clarify the molecular mechanism underlying cardiac 

hypertrophy and the function of anti-hypertrophic targets.  In recent decades, 

various signaling pathways that mediate the development of hypertrophy have 

been identified, such as MAPKs, calcineurin/NFAT, and PI3K/AKT pathways.  

Furthermore, it has been strongly suggested that inflammation plays a critical 

role in the development of cardiac hypertrophy and heart failure.(48,49)  Levels 

of inflammatory cytokines, such as IL-1α, IL-6, TNF-α, and MCP-1, which 

promote progression of cardiac hypertrophy and heart failure, increased in the 

hypertrophic hearts.(50)   The effective blockade of these signaling pathways 

may provide a promising method for inhibiting cardiac hypertrophy and heart 

failure.  Recently, a cytokine called cardiotrophin has been cloned, which acts 

on cardiomyocytes to cause hypertrophy and whose structure is closely related 

to, for example, IL-6 and leukemia inhibitory factor.(51)  An alternative 

possibility is that a complex of physiologically existing IL-6 and sIL-6R(52) may 

be involved in the regulation of myocardium or may stimulate the expression of 

cardiac hypertrophy-inducing factor.  Furthermore, two recent investigations 
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have demonstrated that deletion of IL-6 attenuates pressure overload-induced 

LV hypertrophy and dysfunction,(47) that hypoxia-induced mitogenic factor-IL-6 

signaling mediates cardiomyocyte-fibroblast crosstalk to promote cardiac 

hypertrophy and fibrosis.(44)  Consequently, IL-6 blockade by tocilizumab may 

be potentially an alternative therapeutic strategy for the treatment of cardiac 

hypertrophy-related heart diseases.  The present challenge is to identify 

pharmacological agents that selectively modulate specific signaling pathways 

and thereby prevent pathological cardiac hypertrophy.  To date, no effective 

drugs have been found to treat cardiac hypertrophy-related molecular 

changes.(53) 

In the current study, MR16-1 attenuated the incidence and severity of 

arthritis in IL-1RA KO mice in a dose-dependent manner both macroscopically 

and histologically, as well as its effect on collagen-induced arthritis in 

monkey,(54) destructive arthritis in McH-lpr/lpr-RA1 mice,(55) and clinical 

efficacy studies in human.(56)  RA is a common autoimmune disease 

characterized by chronic joint inflammation and progressive bone loss.  Since 

the disease involves multiple genetic and environmental factors, response to 

treatment varies and achievement of complete remission for all RA patients is 

difficult.(57)  IL-6 is an important factor in the induction of experimental models 

of several inflammatory diseases, including collagen-induced arthritis and 

autoimmune inflammatory arthritis.(58-61)  Recently, a humanized antibody 

against both soluble and transmembrane IL-6 receptor, tocilizumab, has 

launched in clinical practice, exerting outstanding therapeutic efficacy for RA, 

juvenile idiopathic arthritis, Castleman’s disease, and other autoimmune 

inflammatory diseases.  However, like other drugs, tocilizumab is sometimes 

ineffective in patients with RA,(62,63)  due to the complex of the immunological 

molecular pathways.(64) 

IL-6 is involved not only in the activation of the immune system but also in 

regenerative processes as well as in the regulation of metabolism, for example, 

in the maintenance of bone homeostasis and many neural functions.  It turned 

out that pro-inflammatory functions of IL-6 could be inhibited by sgp130Fc, which 

does not affect IL-6 responses via the mbIL-6R.  On the other hand, functions 

of IL-6 such as metabolic control in the liver and regeneration of the epithelium in 

the intestine seem to be mediated via the mbIL-6R.  This view bears important 

consequences on the therapeutic blockade of IL-6 as a treatment of chronic 

inflammatory diseases.  Patients with such diseases need to be treated for 
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many years if not for their entire life span.  In view of the complex biology of IL-6, 

long-term global blockade of this cytokine should be carefully considered.  

Whereas, most IL-6 blocking agents block both classic- and trans-signaling, 

specific trans-signaling blockade is still under development.(65) 

Certainly, under pathological conditions in which Th17 cells trigger an 

autoimmune disease, the IL-6 amplifier abnormally enhances its signaling; the 

dysregulated enhancement mediated by this amplifier may be induced by 

dysregulated activation of NF-κB and STAT3 in endothelial cells, fibroblasts, and 

so on, through a variety of stochastic environmental and/or genetic factors. (66)  

Moreover, TNF-α acts in concert with IL-17A to induce IL-6 production.  Thus, a 

number of factors, including such cytokines as TNF-α and other IL-6 family 

cytokines, Toll-like receptors mediated signaling, and soluble IL-6R, may act 

upstream of the IL-6 amplifier,(67) which may explain why targeting IL-6 

signaling shows therapeutic efficacy of aortitis, cardiomyocyte hypertrophy, and 

arthritis in our study.  

In human, the deficiency of interleukin-1 receptor antagonist (DIRA) is a 

very rare autosomal recessive autoinflammatory disease first described in 2009. 

(68,69)   DIRA, the deficiency of IL-1RA, results in unopposed 

pro-inflammatory signaling via IL-1 and the IL-1 receptor (IL-1R1)(68) that can 

escalate to life-threatening systemic inflammation, systemic inflammatory 

response syndrome, and death if untreated.(68,70-72)  Patients with DIRA 

present with pustular psoriasis, osteitis, arthritis, CNS vasculitis and so on. 

(68,69)  However, very limited information is available because a total number 

of the patients with DIRA is pretty small, thus, further data will be required to 

elucidate the exact clinical manifestation of DIRA.  IL-1RA KO mice may be a 

suitable experimental model for understanding the inflammatory processes and 

for development of new treatments for DIRA. 

      In conclusion, the administration of MR16-1 significantly attenuated 

development of severe aortitis, cardiomyocyte hypertrophy, and arthritis in a 

dose dependent manner, by blockade of IL-6 signaling.  Furthermore, blocking 

the inflammation signaling pathway including IL-6 may provide a promising 

method for inhibiting cardiac hypertrophy.  Further studies will be needed in 

order to block specific trans-signaling of IL-6.   
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Clinical Perspectives 

1. Background as to why the study was undertaken 

Previously, IL-6 KO mice in inflammatory mice model failed to demonstrate any 

protective effect.  However, a few of IL-6 receptor antibodies launched in 

clinical practice and are highly effective on large vessel vasculitis (Takayasu 

arteritis and Giant cell arteritis).  Our primary question was which is true, that is, 

blockade of IL-6 signaling is effective or not, for inflammatory diseases like large 

vessel vasculitis. 

 

2. A brief summary of the results 
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we found that, by injecting an IL-6 receptor blocker (for mice only) into IL-1 

receptor antagonist deficient mice (which show severe vasculitis, arthropathy, 

and myocardial hypertrophy), blockade of IL-6 signaling is effective to suppress 

these phenotypes.  

 

3. The potential significance of the results to human health and disease 

We for the first time proved that blockade of IL-6 signaling by an IL-6 receptor 

blocker is highly effective on vasculitis in vivo, as well as in human.  Moreover, 

the blocker attenuates not only arthropathy, but also myocardial hypertrophy 

caused by IL-1-associated severe inflammation.  Now we may have a chance 

to expand the application of this antibody to many other inflammatory diseases. 
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Figure Legend 

 

Figure 1.  Arterial inflammation around the aortic sinus in IL-1RA KO mice.   

A, The severity of aortitis was graded on a scale of 0 to 3 by the degree of 

inflammation near the aortic valve from 8 weeks old mouse, score 0 = normal 

and no infiltration; score 1 = infiltration and loss of elastic lamellae over less than 

one third of the media of the aortic sinus; score 2 = loss in one third to two thirds 

of the aortic sinus; score 3 = loss over more than two thirds of the aortic sinus. 

Representative photos of hematoxylin eosin stains (a-d) of the aortic sinus are 

shown.  The scale bar indicates 200 µm.  B, This panel shows the distribution 

of the aortitis score in each group (wild/IgG; n = 17, KO/IgG; n = 22, KO/MR low; 

n = 14, and KO/MR high; n = 19).  C, Severity of Aortitis was further categorized 

into two levels (mild = score 0 and 1, severe = score 2 and 3) in accordance with 

the severity of aortitis.  The effect of MR16-1 treatment was evaluated by 

comparing the KO/IgG group and the KO/MR high group (P = 0.00414). 

 

 

Figure 2.  Identification of innate immune cells in aortitis lesions. 

Representative photos of immunostainings are shown.  Wild/IgG mice (Aa, Ae, 

Ba, Be, Ca, and Ce), KO/IgG mice (Ab, Af, Bb, Bf, Cb, and Cf), KO/MR low mice 

(Ac, Ag, Bc, Bg, Cc, and Cg), and KO/MR high mice (Ad, Ah, Bd, Bh, Cd, and 

Ch) were sacrificed at 9 weeks old, and aortic cryosections were obtained.  

These sections were stained with mAbs against CD3 (Aa - Ah), Gr-1 (Ba - Bh), 

and CD68 (Ca - Ch), respectively.  The scale bar indicates 200 µm (a - d) and 

50 µm (e - h). 

 

 

Figure 3.  The left ventricle hypertrophy in IL-1RA KO mice.   

A, Representative echocardiographic images are shown in each group, the 

wild/IgG group (a), the IL-1RA KO/IgG group (b), the IL-1RA KO/MR low group 

(c), and the IL-1RA KO/MR high group (d) at 9 weeks old.  B, The left 

ventricular posterior wall thickness at end - diastole (LVPWTd) was measured.  

Fractional shortening (FS) was calculated and expressed as a percentage.  

The LVPWTds and FS of the mice are graphed for the wild/IgG group (n = 8), the 

KO/IgG group (n = 11), the KO/MR low group (n = 6) and the KO/MR high group 

(n = 7), respectively.  Values represent the means ± SEM of three experiments.   
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C, The hematoxylin eosin staining of cardiac ventricles of the wild/IgG mice (a), 

the IL-1RA KO/IgG group (b), the IL-1RA KO/MR low group (c), and the IL-1RA 

KO/MR high group (d) at 9 weeks old.  D, Cross-sectional area of 

cardiomyocytes are graphed for the wild/IgG group (n = 8), the KO/IgG group (n 

= 11), the KO/MR low group (n = 6) and the KO/MR high group (n = 7), 

respectively.  * P < 0.05    Values represent the means ± SEM of three 

experiments. 

 

 

Figure 4.  Effects of IL-6 inhibition by MR16-1.   

A, Plasma concentration of proinflammatory cytokines were shown, upper left 

presents IL-1β, upper right IL-6, middle left IL-10, middle right IL-17A, lower left 

IFN-γ, and lower right TNFα in the wild/IgG group (n = 19), the KO/IgG group (n 

= 20), the KO/MR low group (n = 14) and the KO/MR high group (n = 20), 

respectively.  * P < 0.05 vs wild/IgG group,  B, Protein expression of p-STAT3 

and STAT3 in each group. *P < 0.05 (n=3)  Values represent the means ± SEM 

of three independent experiments. 

 

 

Figure 5.  Macroscopic observation of arthritis in IL-1RA KO mice.   

Time course of paw thickness (A), arthritis scores (B), incidence of joint rate (C) 

and incidence of arthritis (D) in the wild/IgG group (n = 13), the KO/IgG group (n 

= 21), the KO/MR low group (n = 14), and the KO/MR high group (n = 20).  * P < 

0.05 vs wild/IgG group,  # P < 0.05 vs KO/IgG group,  $ P < 0.05 vs KO/MR 

low group.  All data are expressed as the mean ± SEM. 

 

 

Figure 6.  Histological observation of arthritis in IL-1RA KO mice. 

Representative photos of hematoxylin eosin (A - D) and tartrate-resistant acid 

phosphatase (a - d) staining of the wild/IgG mice (A, a), the KO/IgG mice (B, b), 

the KO/MR low mice (C, c) and the KO/high mice(D, d).  Original 

magnifications: 40x.  The scale bar indicates 200 µm.  E, F and G, Histological 

scores of inflammation and cartilage damage.  E, Mean arthritis scores of the 

wild/IgG group (n = 19), the KO/IgG group (n = 22), the KO/MR low group (n = 

14), and the KO/MR high group (n = 20) respectively.  Values represent the 

means ± SEM of three experiments.  F, Mean erosion scores of the wild/IgG 
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group (n =  19), the KO/IgG group (n = 22), the KO/MR low group (n = 14) and 

the KO/MR high group (n = 20).  Values represent the means ± SEM of three 

experiments.  G, The average number of osteoclasts of the wild/IgG group (n = 

19), the KO/IgG group (n = 22), the KO/MR low group (n = 14) and the KO/MR 

high group (n = 20).  * P < 0.05  Values represent the means ± SEM of three 

experiments. 
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Table 1.  Characteristics of study mice 

 

Genotype 

Treatment 

wild 

IgG 

KO 

IgG 

KO 

MR-16 low 

KO 

MR-16 high 

N (M/F) 19 ( 9/10 ) 22 ( 10/12 ) 14 ( 6/8 ) 20 ( 8/12 ) 

SBP, mmHg 101 ± 12 109 ± 4 103 ± 13 106  ± 18 

HR, bpm  533 ± 73 575 ± 75 569 ± 58 554 ± 67 

BW, g 22.5 ± 3.3 19.3 ± 2.4* 19.1 ± 2.5* 18.8 ± 2.7* 

N: number, M: male, F: female, SBP: systolic blood pressure, HR: heart rate,  

BW: body weight, mean ± SD, *P < 0.05 vs wild/IgG (One-way ANOVA on Rank) 

 

 

  



Table 2.  Heart weight data of study mice 

 

Genotype 

Treatment 

wild 

IgG 

KO 

IgG 

KO 

MR-16 low 

KO 

MR-16 high 

N (M/F) 19 ( 9/10 ) 22 ( 10/12 ) 14 ( 6/8 ) 20 ( 8/12 ) 

HW, mg 147.3 ± 34.0 126.4 ± 27.3* 133.4 ± 15.3 124.5 ± 16.2* 

BW, g 22.5 ± 3.3 19.3 ± 2.4* 19.1 ± 2.5* 18.8 ± 2.7* 

HW/BW, mg/g 6.5 ± 1.2 6.6 ± 1.2 7.1 ± 0.9 6.7 ± 0.9 

HW: heart weight, BW: body weight, mean ± SD, *P < 0.05 vs wild/IgG (One-way ANOVA on 

Rank) 
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Supplemental Figure Legend

Supplemental Figure 1. Score for inflammation of arteries around the aortic sinus 
in IL-1RA KO mice.  
A, The severity of aortitis was graded on a scale of 0 to 3 by the degree of 
inflammation near the aortic valve from 8-week-old mice.  Representative 
photos of masson’s trichrome stains (A - D) of the aortic sinus are shown in each 
score.  The scale bar indicates 200 μm.  

Supplemental Figure 2. Assessment of B220 positive cells in aortitis lesions.  
Representative photos of immunostainings are shown, the wild/IgG mice (A and  
a), the KO/IgG mice (B and b), the KO/MR low mice (C and c), and the KO/MR 
high mice (D and d) were sacrificed at 9-weeks-old, and aortic cryosections were 
obtained.  These sections were stained with mAbs against B220 (A – D, a - d).  
The scale bar indicates 200 μm (A - D) and 50 μm (a - d).
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