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      IL-6: A New Era for the Treatment 
of Autoimmune Infl ammatory Diseases                     

       Tadamitsu     Kishimoto     ,     Sujin     Kang    , and     Toshio     Tanaka   

    Abstract     A series of studies have revealed that IL-6 has pleiotropic activity in 
 various cells and that its deregulated expression is responsible for the development 
of multiple autoimmune infl ammatory diseases. A humanized antibody against the 
IL-6 receptor, tocilizumab, has exhibited outstanding therapeutic effi cacy against 
rheumatoid arthritis, juvenile idiopathic arthritis, Castleman’s disease, and other 
autoimmune infl ammatory diseases, leading to its clinical use for treatment of 
 several diseases. These fi ndings indicate that overproduction of IL-6 is responsible 
for the pathogenesis of autoimmune infl ammatory diseases, in which an imbalance 
between Th17 cells and regulatory T cells and autoantibodies play central roles. 
Recent studies have suggested that IL-6 blockade therapy can rectify these underly-
ing immunological abnormalities in autoimmunity. However, the causes of deregu-
lated IL-6 production in these diseases remain unknown. A novel IL-6-regulating 
molecule, Arid5a, specifi cally stabilizes IL-6 mRNA and sustains its  overproduction; 
thus, Arid5a plays an important role in promoting infl ammation and autoimmune 
diseases. Indeed, in Arid5a-knockout mice, experimental autoimmune encephalo-
myelitis does not develop, and lipopolysaccharide stimulation does not induce 
 elevated expression of IL-6. Arid5a can counteract the destabilizing effect of a regu-
latory RNase, Regnase-1, on IL-6 mRNA; Regnase-1 knockout mice spontaneously 
develop various fatal autoimmune diseases. Further analyses of these RNA- binding 
proteins as well as other regulatory molecules for IL-6 expression are expected to 
elucidate the molecular mechanisms underlying deregulated synthesis of IL-6, and 
facilitate investigations of the pathogenesis of specifi c diseases.  
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        Introduction 

 Interleukin 6 (IL-6), a prototypical cytokine with redundant and pleiotropic 
 activities, contributes to host defense against infections and tissue injuries by induc-
ing the acute-phase response and activating immune responses and hematopoiesis. 
However, excessive or continuous IL-6 production plays a pathological role in an 
acute severe life-threatening complication, the so-called cytokine storm, and in 
 various chronic autoimmune infl ammatory diseases. 

 A humanized anti-IL-6 receptor (IL-6R) monoclonal antibody (Ab), tocilizumab, 
was developed on the basis of the idea that IL-6 blockade represents a novel 
 therapeutic strategy for such diseases. Worldwide, clinical trials have proven that 
tocilizumab is highly effi cacious for the treatment of intractable autoimmune 
infl ammatory diseases, including rheumatoid arthritis (RA), systemic and polyar-
ticular juvenile idiopathic arthritis (JIA), and Castleman’s disease, leading to its 
approval for the treatment of these diseases. Moreover, numerous reports regarding 
off-label use of tocilizumab strongly suggest that an IL-6 blockade strategy is a 
promising therapeutic approach for treatment of other diseases. In this chapter, we 
will highlight the pathological role of IL-6 in autoimmune infl ammatory diseases, 
offer perspectives on the future of IL-6 blockade therapy, and discuss the  mechanisms 
potentially responsible for deregulated IL-6 overexpression.  

    Pleiotropic Function of IL-6 

 The gene encoding B cell stimulatory factor 2 (BSF-2), which induces the differen-
tiation of activated B cells into Ab-producing cells, was successfully cloned in 1986 
[ 1 ]. Later, BSF-2 was found to be identical to hepatocyte-stimulating factor, hybrid-
oma growth factor, and interferon (IFN)-β2, and the molecule was subsequently 
renamed IL-6 [ 2 ]. Human IL-6 consists of 212 amino acids with a 28–amino acid 
signal peptide and a core protein of about 20 kDa. Natural IL-6 is 21–26 kDa with 
glycosylation, although the glycosyl moiety does not affect its biological activity. 

    Effect of IL-6 in Immune Response 

 IL-6, originally identifi ed as BSF-2, promotes the differentiation of activated B cells 
into immunoglobulin (Ig)-producing plasma cells. IL-6 also acts as a growth factor 
for myeloma cells, and some myeloma cells spontaneously produce IL-6 [ 3 ]. 
Moreover, IL-6 promotes the survival of the plasmablasts, cells that secrete 
 immunoglobulin or pathological autoantibodies, e.g., anti-aquaporin 4 (AQP4) in 
patients with neuromyelitis optica (NMO) [ 4 ]. Thus, continuous overexpression of 
IL-6 results in autoantibody production as well as hypergammaglobulinemia. 
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 IL-6 also affects T cells. IL-6 is one of the factors that determine how naïve CD4 +  
T cells differentiate into particular effector T cell subsets. IL-6 in combination with 
transforming growth factor (TGF)-β preferentially induces differentiation into Th17 
cells, whereas IL-6 inhibits TGFβ-induced regulatory T cell (Treg) development. The 
resultant predominance of Th17 cells over Treg cells may be responsible for the 
breakdown of immunological tolerance, and may therefore be pathologically involved 
in the development of autoimmune infl ammatory diseases [ 5 ]. Indeed, in several auto-
immune disease models, IL-6 blockade at the priming step suppresses the develop-
ment of the imbalance in antigen-specifi c effector T cell subsets, and thus development 
of the autoimmune diseases themselves, irrespective of the  antigens used for immuni-
zation [ 6 – 8 ]. IL-6 also promotes T follicular helper cell differentiation as well as 
production of IL-21, which also promotes immunoglobulin synthesis [ 9 ].  

    Effect of IL-6 in Acute-Phase Response 

 IL-6 is a major regulator of the initiation of acute-phase responses. IL-6 induces 
hepatocytes to produce acute-phase proteins such as C-reactive protein (CRP), 
serum amyloid A (SAA), fi brinogen, hepcidin, and α1-antichymotrypsin, whereas it 
inhibits the production of fi bronectin, albumin, and transferrin [ 10 ]. CRP and SAA 
are biological markers of infl ammation occurring somewhere in the body. 
Administration of tocilizumab completely normalizes the serum levels of these 
 proteins, indicating that their synthesis depends primarily on IL-6 [ 11 ,  12 ]. Increased 
levels of acute-phase proteins signal a state of emergency and contribute to host 
defense, whereas continuous expression of high levels of SAA or hepcidin leads to 
complications of chronic infl ammatory diseases, such as amyloid A amyloidosis or 
anemia, respectively [ 12 ,  13 ].  

    Other Effects of IL-6 

 IL-6 also acts on other cells [ 2 ,  14 ]. IL-6 produced by bone-marrow stromal cells 
stimulates synovial fi broblasts to express the receptor activator of the nuclear factor 
kappa beta (NF-κB) ligand (RANKL), which is indispensable for the differentiation 
and activation of osteoclasts. Osteoclast activation leads to bone resorption and 
osteoporosis [ 15 ]. IL-6 also promotes production of vascular endothelial growth 
factor by fi broblasts, leading to angiogenesis and increased vascular permeability, 
which are pathological features of infl ammatory lesions observed in synovial  tissues 
of RA and in other conditions [ 16 ]. IL-6 promotes the production of collagen in 
dermal fi broblasts and their differentiation into myofi broblasts, which are predomi-
nantly responsible for skin fi brosis in patients with systemic sclerosis (SSc) [ 17 ]. 
Moreover, IL-6 can interact with vascular endothelial cells, the endocrine system 
including the hypothalamic–pituitary–adrenal axis, neuropsychological systems, 
and other systems.   
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    IL-6 Signaling Systems 

 The IL-6 signaling cascade is triggered by binding of IL-6 to its specifi c receptor, 
IL-6R [ 18 ]. The receptor constitutes the IL-6-binding chain, which exists in two 
different forms, 80 kDa transmembrane IL-6R and 50–55 kDa soluble IL-6R (sIL-
 6R) [ 18 ,  19 ], and the 130 kDa gp130 constitutes the signal-transducing chain [ 20 ]. 
The expression of transmembrane IL-6R is limited to cells such as hepatocytes and 
leukocytes, whereas sIL-6R is present in blood and tissue fl uid. After IL-6 binding 
to either transmembrane IL-6R or sIL-6R, the resultant complex induces homodi-
merization of gp130 [ 21 ] and triggers a downstream signal cascade. The pleiotropic 
effects of IL-6 are due to the broad range of gp130 expression on various cells [ 22 ]. 
IL-6R is the specifi c receptor for IL-6, whereas the signal-transducing chain gp130 
is shared by other members of the IL-6 family of cytokines, including leukemia 
inhibitory factor, oncostatin M, ciliary neurotrophic factor, IL-11, cardiotrophin 1, 
cardiotrophin-like cytokine, IL-27, and IL-35. The fi ndings that all IL-6 family 
members use the same molecule (gp130) for signal transduction resolved a long- 
standing mystery regarding why these cytokines exhibit functional redundancy [ 18 , 
 22 ,  23 ]. 

 Activation of gp130 leads in turn to activation of two downstream signaling 
 cascades, the Janus kinase (JAK)-signal transducer and activator of transcription 
3 (STAT3) pathway and the JAK-SH2-domain-containing protein tyrosine 
phosphatase- 2-mitogen-activated protein kinase pathway. Various IL-6-responsive 
genes are induced by activation of the transcription factor STAT3, which also con-
trols the expression of suppressor of cytokine signaling 1 (SOCS1) and SOCS3. In 
this context, SOCS1 binds to tyrosine-phosphorylated JAK [ 24 ], and SOCS3 binds 
to tyrosine-phosphorylated gp130 [ 25 ], thereby terminating IL-6 signaling via a 
negative-feedback loop.  

    Regulatory Mechanisms of IL-6 Synthesis 

 In the serum of healthy individuals, the IL-6 level is less than 5 pg/ml; however, the 
IL-6 concentration increases dramatically during emergent events such as infections 
and tissue injuries. At sites of infections, neutrophils, monocytes, and macrophages 
promptly produce IL-6 following through recognition of components of exogenous 
pathogens via pathogen-associated molecular pattern receptors [ 26 ]. In cases of 
non-infectious infl ammation caused by burns or trauma, IL-6 is produced by these 
immune cells through the stimulation of damage-associated molecular patterns, 
which are released from damaged or dying cells. Besides immune-competent cells, 
other types of cells, including endothelial cells, mesenchymal cells, fi broblasts, and 
cancer cells, are also able to synthesize IL-6 [ 14 ]. 
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 When the emergent stimuli are completely removed from the host, the signal 
transduction cascade by IL-6-mediated activation is terminated through negative 
regulatory systems such as ligand-induced internalization, degradation of gp130, 
and recruitment of SOCS [ 24 ,  25 ], leading to normalization of the CRP level in 
serum. Accordingly, synthesis of IL-6 is tightly regulated at the transcriptional and 
post-transcriptional level. 

    Transcriptional and Post-transcriptional Regulation of IL-6 

 Several factors regulate the fate of IL-6 mRNA at either the transcriptional or post- 
transcriptional stage. The promoter region of the human IL-6 gene includes binding 
sites for cis-regulatory elements such as activator protein 1, interferon regulatory 
factor 1, a CCAAT enhancer binding protein β (C/EBPβ, also termed NF-IL6), 
specifi city protein 1, and NF-κB [ 27 ,  28 ]. Stimulation of Toll-like receptor (TLR) 
with bacterial or viral pathogen components, or pro-infl ammatory cytokines such as 
IL-1, IL-6, and TNF-α, can activate cis-regulatory elements, leading to IL-6 
 synthesis, whereas several microRNAs (miRs) directly or indirectly down-regulate 
IL-6 transcription. For instance, miR-155 interacts with the 3′-untranslated regions 
(UTR) of C/EBPβ to suppress C/EBPβ expression, whereas miR146a/b targets IL-1 
receptor-associated kinase 1 to indirectly inhibit IL-6 transcription. 

 In general, the mechanisms of post-transcriptional regulation of cytokine expres-
sion target either the 5′-UTR of mRNAs to modulate initiation of translation or the 
3′-UTR of mRNAs to modulate their stability [ 29 ,  30 ]. Several recently identifi ed 
RNA-binding proteins and miRs regulate the stability of IL-6 mRNA [ 27 ,  28 ]. For 
instance, miR-26a binds to the 3′-UTR of IL-6 mRNA in hepatocellular carcinoma, 
suppressing the expression of STAT3 target genes. In addition, open reading frame 
57 of Kaposi sarcoma-associated herpes virus competes with miR-608a for binding 
to the IL-6 mRNA, thereby stabilizing it. 

 One of the RNA-binding proteins that infl uence IL-6 expression, regulatory 
RNase-1 (Regnase-1, also known as Zc3h12a), interacts with the 3′-UTR of IL-6 
mRNA, leading to its destabilization at steady state [ 31 ]. Regnase-1-defi cient mice 
spontaneously develop autoimmune diseases with splenomegaly and lymphadenop-
athy. On the other hand, stimulation of IL-1R/TLR causes phosphorylation of 
Regnase-1 by the inhibitor of NF-κB (IκB) kinase complex, leading to its 
 ubiquitination and degradation. The degradation of Regnase-1 is required for 
expression of IL-6 mRNA; however, re-expression of Regnase-1, which is induced 
by NF-κB activation, prevents excessive IL-6 production [ 32 ]. 

 We recently identifi ed an RNA-binding protein, AT-rich interactive domain- 
containing protein 5a (Arid5a), which interacts with the 3′-UTR and selectively 
stabilizes the IL-6 mRNA but not TNF-α or IL-12 mRNA [ 33 ]. Expression of 
Arid5a is dramatically upregulated in T cells under Th17-skewing conditions and in 
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macrophages stimulated by lipopolysaccharide (LPS), IL-1β, and IL-6. Thus, there 
exists a positive-feedback loop between IL-6 and Arid5a. In untreated RA patients, 
expression of Arid5a is elevated in CD4 +  T cells in the peripheral blood, whereas 
tocilizumab treatment decreases Arid5a expression [ 34 ]. Furthermore, Arid5a- 
defi cient mice exhibit reduced serum IL-6 levels upon LPS challenge, and fail to 
develop experimental autoimmune encephalomyelitis. Arid5a counteracts the 
destabilizing function of Regnase-1 on IL-6 mRNA, suggesting not only that the 
balance between Arid5a and Regnase-1 is an important determinant of the stability 
of IL-6 mRNA, but also that the predominance of Arid5a expression over Regnase-1 
promotes infl ammatory processes and development of autoimmune diseases [ 27 , 
 35 ] (Fig.  1 ).

  Fig. 1    Regulatory mechanism of IL-6 production. In the innate immune response, pathogen- 
associated molecular patterns are recognized by pathogen recognition receptors, leading to 
 expression of pro-infl ammatory cytokines. For example, Toll-like receptor ( TLR )-4 recognizes 
lipopolysaccharide ( LPS ), which is a component of the outer membrane of Gram-negative bacte-
ria; TLR4 activates the nuclear factor of kappa beta ( NF-κB ) signaling pathway and promotes the 
transcription of IL-6 mRNA. Regnase-1 promotes IL-6 mRNA degradation, whereas Arid5a inhib-
its the destabilizing effect of Regnase-1. The balance between Arid5a and Regnase-1 is important 
for the regulation of IL-6 mRNA.  IRAK1  IL-1 receptor-associated kinase 1,  MyD88  myeloid dif-
ferentiation primary response 88,  TRAF6  tumor necrosis factor receptor-associated factor 6,  Ub  
ubiquitination,  NEMO  NF- κ B essential modulator,  IKK  inhibitor of NF- κ B kinase,  AP-1  activator 
protein 1,  IRF1  interferon regulatory factor 1,  MRE  multiple response element,  C/EBPβ  CCAAT 
enhancer binding protein β,  SP-1  specifi city protein 1,  UTR  untranslated region,  miR  microRNA       
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        Pathological Role of IL-6 in Autoimmune Infl ammatory 
Diseases 

 As described elsewhere, the immediate and transient expression of IL-6 contributes 
to host defense against infections and tissue injuries. However, deregulated exces-
sive IL-6 synthesis during this protective process or persistent IL-6 production leads 
to the development of a severe acute life-threatening complication, the so-called 
cytokine storm or chronic autoimmune infl ammatory diseases, respectively. The 
association of IL-6 with disease development was fi rst demonstrated in a case of 
benign heart tumor, cardiac myxoma. The cultured fl uid from the myxoma tissue of 
a patient, who had presented with fever, polyarthritis, an elevated CRP level,  anemia, 
and hypergammaglobulinemia with positivity for anti-nuclear factor, was found to 
contain a large quantity of IL-6 [ 36 ]. Subsequently, excessive IL-6 expression was 
also detected in the synovial fl uids of RA, swollen lymph nodes of Castleman’s 
disease, myeloma cells [ 3 ], and peripheral blood cells or infi ltrating cells in tissues 
involved in various other autoimmune infl ammatory diseases [ 14 ,  37 ]. The extent of 
the elevation of the serum IL-6 level depends on the particular disease and its  disease 
severity, but in cytokine storms such as those associated with septic shock, the 
 concentration can reach as high as the microgram per milliliter level [ 38 ].  

    IL-6-Targeting Strategies: A New Era for the Treatment 
of Autoimmune Infl ammatory Diseases 

 In view of the pathological role of IL-6 in various autoimmune infl ammatory 
 diseases, IL-6 targeting was evaluated as a novel therapeutic strategy against these 
diseases [ 37 ]. Tocilizumab, a humanized anti-IL-6R monoclonal Ab of the IgG1 
class, was generated by grafting the complementarity-determining regions of a 
mouse anti-human IL-6R Ab onto human IgG1 [ 39 ]. This Ab can block IL-6- 
mediated signal transduction by inhibiting IL-6 binding to both transmembrane 
IL-6R and sIL-6R. Numerous worldwide clinical trials verifi ed the outstanding 
 effi cacy and tolerable safety of tocilizumab, leading to its current approval for the 
treatment of RA in more than 130 countries; systemic JIA (sJIA) in Japan, India, the 
USA, and the EU; and polyarticular JIA and Castleman’s disease in Japan and India 
[ 27 ,  40 ,  41 ]. 

    Effi cacy of Tocilizumab in Rheumatoid Arthritis 

 RA is an autoimmune disease characterized by systemic and joint infl ammation, 
which causes joint destruction, dramatically reduces activity of daily living (ADL) 
and quality of life (QOL), and shortens lifespan [ 42 ]. Clinical trials demonstrated 
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that tocilizumab effectively suppresses disease activity and protects against 
 progression of joint destruction, as well as ameliorating the effect of RA on ADL 
and QOL [ 43 ]. Although other biologics are currently used to treat RA, including 
TNF inhibitors, an inhibitor of T cell stimulation, and a B cell depleting agent, 
tocilizumab appears to be the most powerful with regard to suppression of disease 
activity. Tocilizumab is the only biologic proven to be more effi cacious as a mono-
therapy than the anchor disease-modifying antirheumatic drug, methotrexate 
(MTX). TNF inhibitors require the concomitant use of MTX to achieve their 
 maximal effect, but tocilizumab monotherapy exhibited no clinically relevant 
 inferiority to tocilizumab combination therapy with MTX [ 44 ]. Moreover, direct 
comparison of monotherapy with tocilizumab and adalimumab, a fully human 
 anti-TNF-α Ab, demonstrated that tocilizumab was superior to adalimumab, as 
determined by various indices of disease activity [ 45 ]. On the basis of these  fi ndings, 
in the newest RA management recommendation by the European League Against 
Rheumatism, tocilizumab was positioned as the fi rst-line biologic, especially in 
patients for whom biological monotherapy must be initiated [ 46 ]. Furthermore, 
because of the suppressive effects of tocilizumab in the synthesis of acute-phase 
proteins such as SAA and hepcidin, it is appropriate to select tocilizumab for cases 
of RA complicated by amyloid A amyloidosis or anemia associated with chronic 
disorders [ 43 ].  

    Effi cacy of Tocilizumab in Systemic Juvenile Idiopathic Arthritis 

 sJIA is a subtype of chronic childhood arthritis that leads to joint destruction, 
 functional disability, and growth impairment, accompanied by systemic infl amma-
tion [ 47 ]. IL-6 is markedly elevated in the blood of sJIA patients, and the IL-6 level 
is well correlated with disease activity. In a phase III trial of Japanese 56 patients 
with sJIA, 91 %, 86 %, and 68 % of the patients exhibited American College of 
Rheumatology (ACR) Pedi responses of 30 %, 50 %, and 70 %, respectively, at 
week 6 [ 48 ]. Subsequently, in a global phase III trial, 112 children with active sJIA 
randomly received placebo or tocilizumab. At week 12, the primary endpoint 
(absence of fever + improvement of 30 % or greater in at least three of the six 
 variables in the ACR core set for JIA) was met in signifi cantly more patients in the 
tocilizumab-treated group than in the placebo group (85 % vs. 24 %) [ 49 ]. At week 
52, 82 % and 59 % of the patients who received tocilizumab attained improvements 
of 70 % and 90 %, respectively. The striking responsiveness of sJIA to tocilizumab 
has led to widespread recognition that we have started a new era in the treatment of 
this disease, long considered to be one of the most intractable juvenile diseases [ 50 ].  
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    Effi cacy of Tocilizumab in Castleman’s Disease 

 Castleman’s disease is a lymphoproliferative disease with benign hyperplastic 
lymph nodes characterized by follicular hyperplasia and capillary proliferation 
accompanied by endothelial hyperplasia [ 51 ]. Deregulated IL-6 expression in 
 transgenic mice produces a syndrome resembling Castleman’s disease [ 52 ], whereas 
IL-6 blockade inhibits infl ammatory manifestations in these animals [ 53 ]. IL-6 is 
highly expressed in germinal center B cells of hyperplastic lymph nodes of patients 
with Castleman’s disease, and surgical removal of a solitary involved lymph node 
leads to clinical improvement and reduced serum IL-6 concentrations [ 54 ]. In two 
open-label clinical trials of tocilizumab for Castleman’s disease, the drug exerted a 
signifi cant ameliorative effect with regard to clinical symptoms and laboratory 
 fi ndings [ 55 ,  56 ].  

    Effi cacy of Tocilizumab in Other Autoimmune Infl ammatory 
Diseases 

 Case reports, series, and pilot studies of the off-label applications of tocilizumab 
have produced favorable outcomes, indicating that tocilizumab may be used for the 
treatment of multiple conditions including autoimmune diseases, chronic infl amma-
tory diseases, and autoinfl ammatory diseases [ 27 ,  40 ,  41 ]. The results accumulated 
so far strongly suggest that IL-6 blockade represents an innovative therapeutic 
 strategy for SSc, large-vessel vasculitis, amyloid A amyloidosis, NMO, adult-onset 
Still’s disease (AOSD), and cytokine release syndrome (CRS). 

 SSc is a connective tissue disorder characterized by tissue fi brosis, vasculopathy, 
and immune abnormalities [ 57 ]. Several lines of evidence suggest that IL-6 is a 
potential therapeutic target cytokine in SSc. First, IL-6 is expressed at high levels in 
patient serum and involved skin, and the serum level is well correlated with the 
severity of skin symptoms. Second, IL-6 promotes collagen production and 
 expression of α-smooth muscle actin by dermal fi broblasts, as well as endothelial 
cell activation and apoptosis in endothelial cell–neutrophil co-cultures. Moreover, 
in models of SSc induced by bleomycin, IL-6 blockade by administration of anti-
IL- 6R Ab suppresses myofi broblast activation, resulting in reduced dermal fi brosis 
[ 58 ]. We observed the benefi cial effects of tocilizumab for two patients with SSc 
[ 59 ]. Histological analyses revealed thinning of collagen fi ber bundles and reduc-
tion of activated myofi broblasts in the dermis after a 6-month treatment, suggesting 
that IL-6 blockade strategy is a promising approach for the treatment of SSc. 

 The pathological role of IL-6 has been well documented in large-vessel  vasculitis, 
e.g., giant cell arteritis (GCA) and Takayasu arteritis (TA) [ 60 ]. Serum concentra-
tions of IL-6 are elevated at the onset and during clinical relapse of GCA and TA, 
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and tissue-infi ltrating cells produce major quantities of IL-6 and IFN-γ in patients 
with both diseases. Tocilizumab treatment has resulted in rapid and prominent ben-
efi cial effects in patients with GCA and TA who had been refractory to conventional 
treatment regimens [ 40 ,  41 ]. Moreover, tocilizumab monotherapy induced disease 
remission in fi ve patients with GCA. These results strongly suggest that IL-6 inhibi-
tion represents a promising therapeutic strategy for large-vessel vasculitis. 

 A serious complication of chronic infl ammatory diseases is amyloid A 
 amyloidosis, in which amyloid fi bril deposition causes progressive deterioration in 
various organs [ 12 ]. Sustained high concentrations of SAA, an amyloid fi bril pre-
cursor protein, correlate with progression of renal amyloid diseases. Tocilizumab is 
the most powerful known inhibitor of SAA production. Case studies of amyloid A 
amyloidosis complicated by RA, JIA, vasculitis syndrome, Behcet’s disease, and 
latent tuberculosis have revealed the striking clinical effect of tocilizumab on 
 gastrointestinal symptoms and renal function [ 12 ,  40 ,  41 ]. 

 NMO is a chronic infl ammatory disorder predominantly affecting the spinal cord 
and optic nerves. In this disease, autoantibodies directed against the astrocyte water- 
channel protein, AQP4, play a pathologic role [ 61 ]. Several studies have reported a 
signifi cant increase of IL-6 in the cerebrospinal fl uid of patients with NMO. Moreover, 
the population of plasmablasts with the CD19 int CD27 high CD38 high CD180 negative  
 phenotype is elevated in the peripheral blood of NMO patients, and anti-AQP4 Abs 
are produced by these plasmablasts [ 4 ]. IL-6 increases the survival of plasmablasts, 
as well as AQP4 Ab secretion, whereas tocilizumab reduces the survival of these 
cells. Clinical improvement and reduction of serum levels of anti-AQP4 Abs have 
been reported in several NMO patients who were refractory to conventional treat-
ment regimens [ 62 ,  63 ]. 

 AOSD, a chronic infl ammatory disease characterized by four cardinal symptoms 
(spiking fever, evanescent maculopapular rash, arthritis, and leukocytosis) 
 pathologically resembles sJIA and is considered to be an adult-onset type of sJIA 
[ 64 ]. As expected, numerous case studies and pilot studies have shown that 
 tocilizumab treatment improved clinical symptoms and signs in AOSD patients who 
had been refractory to conventional treatment [ 40 ,  41 ]. These favorable results also 
indicate that, just as for sJIA, tocilizumab may become a fi rst-line biologic for the 
treatment of AOSD. 

 CRS is a potentially fatal immune reaction, which is sometimes induced by 
hyperactivation of T cells after T cell–engaging therapies [ 65 ]. Serum levels of 
IL-6, IL-10, and IFN-γ are signifi cantly elevated in patients with CRS. Two recent 
reports showed that CRS—which occurred in two patients with acute lymphoblastic 
leukemia (ALL) treated with chimeric antigen receptor-modifi ed T cells with 
 specifi city for CD19 (CTL019 cells) and in one ALL patient treated with blinatu-
momab, a CD19/CD3-bispecifi c Ab that engages the T cell receptor—could be 
abrogated by a single injection of tocilizumab [ 66 ,  67 ]. These fi ndings indicate that 
IL-6 inhibition represents an innovative therapeutic approach for T cell–mediated 
CRS or other complications with hypercytokinemia, such as systemic infl ammatory 
response syndrome, septic shock, macrophage activation syndrome, and hemo-
phagocytic syndrome. 
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 The benefi cial effects of tocilizumab strongly suggest that it will be widely 
 applicable for the treatment of chronic autoimmune infl ammatory diseases and 
acute systemic infl ammatory complications. However, further clinical evaluations 
are essential in order to determine additional indications for tocilizumab therapy. A 
list of ongoing clinical trials of tocilizumab registered at ClinicalTrials.gov is 
 provided in Table  1 .

   Table 1    Ongoing clinical trials of tocilizumab registered at ClinicalTrials.gov   

 Targeted disease  Status  Identifi er 

 Relapsing polychondritis  Phase II  NCT01041248 
 Diabetes mellitus (type 2), obesity  Phase II  NCT01073826 
 Graves’ ophthalmopathy  Phase III  NCT01297699 
 Cardiovascular disease in RA (vs. etanercept)  Phase IV  NCT01331837 

 Phase IV  NCT01752335 
 Polymyalgia rheumatica  Phase II  NCT01396317 

 Phase II  NCT01713842 
 Giant cell arteritis  Phase II  NCT01450137 

 Phase III  NCT01791153 
 Phase II  NCT01910038 

 Takayasu arteritis  Phase III  NCT02101333 
 Acute GVHD  Phase I/II  NCT01475162 

 Phase II  NCT01757197 
 Chronic GVHD  Phase II  NCT02174263 
 Non-ST-elevation myocardial infarction  Phase II  NCT01491074 
 Systemic sclerosis  Phase II/III  NCT01532869 
 Transplant rates awaiting kidney transplantation  Phase I/II  NCT01594424 
 Renal graft infl ammation  Phase II  NCT02108600 
 sJIA-associated uveitis  Phase I/II  NCT01603355 
 Non-infectious uveitis  Phase I/II  NCT01717170 
 Recurrent ovarian cancer  Phase I/II  NCT01637532 
 Behcet’s syndrome  Phase II  NCT01693653 
 Schizophrenia  Phase I  NCT01696929 

 Phase IV  NCT02034474 
 Erdheim–Chester disease  Phase II  NCT01727206 
 Primary Sjogren’s syndrome  Phase II/III  NCT01782235 
 Fibrous dysplasia of bone  Phase II  NCT01791842 
 Hemophagocytic lymphohistiocytosis  Phase II  NCT02007239 
 Polymyositis/dermatomyositis  Phase II  NCT02043548 
 HIV infection  Phase I/II  NCT02049437 

   RA  rheumatoid arthritis,  GVHD  graft-versus-host disease,  sJIA  systemic juvenile idiopathic 
 arthritis,  HIV  human immunodefi ciency virus  
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       Mechanisms Through Which Tocilizumab Is Effi cacious 
in Various Autoimmune Infl ammatory Diseases 

 The effi cacy of tocilizumab in amyloid A amyloidosis and anemia associated with 
chronic disorders can be explained by its suppression of the responsible proteins, 
SAA and hepcidin, respectively, but the mechanisms through which tocilizumab is 
effi cacious in various phenotypically different autoimmune infl ammatory diseases 
remain incompletely understood [ 68 ]. As observed in NMO, tocilizumab treatment 
could decrease autoantibody (anti-AQP4) production by acting on plasmablasts [ 4 , 
 62 ]. IL-21 promotes plasma cell differentiation and preferentially induces IgG4 pro-
duction [ 9 ]. One study demonstrated that tocilizumab treatment causes a selective 
reduction in IL-21 production of memory/activated T cells, leading to a reduction in 
the serum levels of IgG4-specifi c anti-citrullinated peptide Ab in RA patients [ 69 ]. 
Several recent reports demonstrated that tocilizumab therapy led to an increase in the 
number of Treg cells in peripheral blood CD4 +  T cell fractions in RA patients [ 70 – 72 ] 
(Fig.  2 ). These effects may account for the correction of immunological abnormali-
ties. In addition, the treatment reportedly resulted in improvement in  various other 
biomarkers related to infl ammation, bone and cartilage metabolism, angiogenesis, 

  Fig. 2    IL-6-targeted therapy can rectify immunological abnormalities. Although the pathogenesis 
of autoimmune infl ammatory diseases is not fully understood, an imbalance between effector 
CD4 +  T cell subsets (Th17 ± Th1/Treg↑) and autoantibodies play central roles in their develop-
ment. ( a ) Overexpression of IL-6 may lead to an imbalance in effector T cell subsets (Th17/Treg↑), 
whereas tocilizumab therapy can rectify the imbalance. ( b ) IL-6, acting in an autocrine or paracrine 
manner, increases the survival of plasmablasts that produce autoantibodies, whereas tocilizumab 
treatment decreases the survival of these cells, leading to the suppression of autoantibody synthe-
sis.  TGFβ  transforming growth factor β,  Treg  regulatory T cells,  ROR  retinoid-related orphan 
receptor,  Foxp3  forkhead box p3       
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glucose metabolism, fi brosis, etc. These fi ndings indicate that the clinical effects of 
tocilizumab are mediated by several mechanisms. Another possible explanation for 
the prominent effect of tocilizumab is that the primary cause of successfully treated 
diseases is deregulated synthesis of IL-6, but that phenotypic differences arise because 
of differences in the cell populations that produce IL-6. Thus, to facilitate investiga-
tions of the pathogenesis of specifi c diseases, it will be necessary to elucidate the 
mechanisms responsible for excessive or continuous IL-6 production.

        Concluding Remarks 

 Tocilizumab was developed on the basis of a comprehensive view of the IL-6- mediated 
signaling system, the pathological signifi cance of IL-6 in various diseases, and prog-
ress in bioengineering techniques. Tocilizumab is now positioned as a  fi rst- line bio-
logic for the treatment of moderate to severe RA and sJIA, and is the only drug 
approved for Castleman’s disease. This great success has resulted in a paradigm shift 
in the treatment of these diseases, and has accelerated the development of other 
 various IL-6 inhibitors [ 73 ]. Within the next decade, we anticipate that IL-6 inhibitors 
will be widely used for the treatment of various diseases currently considered to be 
intractable; as a result, some of these diseases will no longer be refractory to therapy. 

 Although fundamental research on the IL-6-mediated signaling pathway was 
able to solve the long-standing mystery regarding why cytokines exhibit redundant 
and pleiotropic activity, another mystery persists regarding why IL-6 is excessively 
or continuously expressed in various diseases. Accurate and detailed analyses of the 
proteins such as Arid5a and Regnase-1 and miRs that regulate IL-6 synthesis will be 
helpful in solving this mystery. Clarifi cation of the mechanism(s) involved will 
inspire the identifi cation of more specifi c target molecules and investigations into 
the pathogenesis of specifi c diseases.     
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