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Interleukin 6 (IL-6) is a prototypical cytokine for maintaining homeostasis. When homeo-
stasis is disrupted by infections or tissue injuries, IL-6 is produced immediately and contrib-
utes to host defense against such emergent stress through activation of acute-phase and
immune responses. However, dysregulated excessive and persistent synthesis of IL-6 has a
pathological effect on, respectively, acute systemic inflammatory response syndrome and
chronic immune-mediated diseases. The IL-6 inhibitor, tocilizumab, a humanized anti-IL-6
receptor antibody, is currently being used for the treatment of rheumatoid arthritis, juvenile
idiopathic arthritis, and Castleman disease. Lines of recent evidence strongly suggest IL-6
blockade can provide broader therapeutic strategy for various diseases included in acute
systemic and chronic inflammatory diseases.

T
herapeutic strategy by either targeting im-

mune-mediated molecules or their supple-

mentation has been successful in various clinical
applications and produced outstanding results.

Interleukin 6 (IL-6) blockade therapy has also

been successful for the treatment of several
chronic immune-mediated diseases and is ex-

pected to be widely used for various diseases.

The focus of this review is on current IL-6 block-
ade immunotherapy and future perspectives.

BIOLOGICAL FUNCTIONS OF IL-6

The human IL-6 gene was first cloned as B-cell

stimulatory factor 2 (BSF-2), which induces B

cells to produce immunoglobulin (Ig) (Kishi-

moto 1985; Hirano et al. 1986). Subsequently,

IL-6 was shown to be a prototypical cytokine
with a pleiotropic effect on inflammation, im-

mune response, and hematopoiesis (Kishimoto

1989; Akira et al. 1993). When IL-6 acts on he-
patocytes, it induces a broad range of acute

phase proteins such as C-reactive protein

(CRP), complement C3, serum amyloid A
(SAA), fibrinogen, thrombopoietin, hepcidin,

haptoglobin, and a1-antichymotrypsin, thus

making IL-6 a vital mediator of acute phase
response (Fig. 1) (Heinrich et al. 1990). How-

ever, if high-level concentrations of SAA in the

serum persist for long periods, it can lead to a

Editors: Warren J. Leonard and Robert D. Schreiber

Additional Perspectives on Cytokines available at www.cshperspectives.org

Copyright# 2018 Cold Spring Harbor Laboratory Press; all rights reserved; doi: 10.1101/cshperspect.a028456

Cite this article as Cold Spring Harb Perspect Biol 2018;10:a028456

1

 on August 26, 2022 - Published by Cold Spring Harbor Laboratory Press http://cshperspectives.cshlp.org/Downloaded from 

mailto:kishimoto@ifrec.osaka-u.ac.jp
mailto:kishimoto@ifrec.osaka-u.ac.jp
mailto:kishimoto@ifrec.osaka-u.ac.jp
mailto:kishimoto@ifrec.osaka-u.ac.jp
http://www.cshperspectives.org
http://www.cshperspectives.org
http://www.cshperspectives.org
http://www.cshperspectives.org/site/misc/terms.xhtml
http://cshperspectives.cshlp.org/


serious complication: amyloid A amyloidosis

(Gillmore et al. 2001). Moreover, IL-6-induced

hepcidin production blocks the action of iron
transporter ferroportin 1 on gut and thus re-

duces serum iron levels (Nemeth et al. 2004),

resulting in hypoferremia and anemia asso-
ciated with chronic inflammation. In hemato-

poiesis, IL-6 promotes hematopoietic stem cell

differentiation as well as megakaryocyte matu-
ration, which leads to the release of platelets

(Ishibashi et al. 1989).

In addition to promoting differentiation

of activated B cells into Ig-producing cells, in

an acquired immune response, IL-6 regulates
the direction of specific differentiation of naı̈ve

CD4þ T cells. IL-6 in combination with

transforming growth factor b (TGF-b) is indis-
pensable for T helper (Th)17 differentiation,

whereas IL-6 inhibits TGF-b-induced regulato-

ry T-cell (Treg) differentiation (Kimura and
Kishimoto 2010). This effect causes up-regula-

tion of the Th17/Treg balance, which is patho-
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Figure 1. Pleiotropic effect of interleukin 6 (IL-6) (a cytokine featuring pleiotropic activity). It induces synthesis
of acute phase proteins in liver such as C-reactive protein (CRP), complement C3, fibrinogen, thrombopoietin,
serum amyloid A, and hepcidin, whereas it inhibits production of albumin. IL-6 also plays an important role in
acquired immune responses by stimulating antibody production and inducing the differentiation of naı̈ve CD4þ

T cells into effector T cells. IL-6 activates vascular endothelial cells to produce IL-6, IL-8, monocyte chemo-
attractant protein-1 (MCP-1), intercellular adhesion molecule (ICAM)-1, and C5a receptors, and induces
vascular endothelial cadherin disassembly. In addition, IL-6 can promote differentiation or proliferation of
several nonimmune cells. Because of its pleiotropic activity, dysregulated persistent or excessive production of
IL-6 leads to the onset or development of various diseases. Excessive production of IL-6 is pathologically
involved in the swollen lymph nodes of Castleman disease, whereas excessive IL-6 in synovial fluid stimulates
fibroblast-like synoviocytes to produce vascular endothelial growth factor (VEGF) and receptor activator of
nuclear factor of kB (NF-kB) ligand (RANKL), which enhance angiogenesis and osteoporosis in patients with
rheumatoid arthritis. IL-6 supports the survival of plasmablasts, which produce anti-aquaporin 4 antibodies in
patients with neuromyelitis optica. Treg, Regulatory T cell.
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logically involved in the development of various

autoimmune and chronic inflammatory dis-
eases. It has also been shown that IL-6 can pro-

mote T follicular helper cell differentiation as

well as production of IL-21 (Ma et al. 2012),
which also regulates Ig synthesis.

Furthermore, IL-6 induces a variety of bio-

logical activities. When IL-6 is produced in
bone marrow stromal cells, it stimulates fibro-

blast-like synoviocytes to produce the receptor

activator of the nuclear factor kB (NF-kB) li-
gand (RANKL) (Hashizume et al. 2008), which

is essential for the differentiation and activation

of osteoclasts (Kotake et al. 1996). IL-6 can also
induce excess production of vascular endothe-

lial growth factor (VEGF), which leads to both

enhanced angiogenesis and increased vascular
permeability (Cohen et al. 1996).

Not only does IL-6 promote production of

fibrinogen and platelet release but it also acti-
vates the coagulation system. IL-6 induces tissue

factor (TF) on the cell surface of monocytes

(Fig. 1) (Neumann et al. 1997), which promotes
coagulation by initiating the extrinsic coagula-

tion pathway, and in turn leads to thrombin

production. These activities of IL-6 lead to a
hypercoagulable state and thrombosis. IL-6

has also been shown to activate vascular endo-

thelial (VE) cells. VE-cadherin is an important
molecule, which promotes endothelial adhe-

sion of adjacent cells by means of homophilic

binding, while its disassembly by IL-6 leads to
vascular leakage (Kruttgen and Rose-John

2011). Moreover, IL-6 increases production of

VEGF, which induces the phosphorylation and
internalization of VE-cadherin, and thus has a

potent vascular permeability effect on endothe-

lial cells (Esser et al. 1998; Desai et al. 2002).
Vascular permeability by IL-6 itself or via in-

duction of VEGF then leads to interstitial ede-

ma and elevates tissue pressure resulting in tis-
sue damage. The complex IL-6/sIL-6R (soluble

interleukin 6 receptor) can activate VE cells to

produce IL-6, IL-8, and MCP-1 as well as aug-
ment intercellular adhesionmolecule (ICAM)-1

expression, which results in leukocyte recruit-

ment (Romano et al. 1997). IL-6 up-regulates
the complement 5a receptor (C5aR) on endo-

thelial cells, thus increasing their responsiveness

to C5a, which functions as an anaphylatoxin,

causes smooth muscle contraction and hista-
mine release from mast cells, and results in fur-

ther enhancement of vascular permeability

(Laudes et al. 2002; Riedemann et al. 2003).
Furthermore, IL-6 has been shown to weaken

papillary muscle contraction, leading to myo-

cardial dysfunction (Finkel et al. 1992; Pathan
et al. 2004). These multiple effects of IL-6 in

coagulation cascade, vascular permeability,

and myocardial dysfunction thus play a patho-
logical role in tissue hypoxia, hypotension, dis-

seminated intravascular coagulation (DIC), and

multiple organ dysfunction, all characteristic
features of systemic inflammatory response syn-

drome (SIRS).

IL-6-MEDIATED SIGNALING PATHWAY

The function of IL-6 is initiated by its binding to
an IL-6 receptor (IL-6R), and exists in two

forms, 80-kDa transmembrane and 50–55-

kDa sIL-6R (Fig. 2) (Yamasaki et al. 1988; Nar-
azaki et al. 1993). Transmembrane IL-6R is ex-

pressed in limited cells such as leukocytes and

hepatocytes, whereas sIL-6R is in human serum.
Once IL-6 binds to transmembrane or sIL-6R,

the complex in turn induces homodimerization

of gp130 triggering a downstream signal cas-
cade (Fig. 2) (Hibi et al. 1990; Kishimoto et al.

1992; Murakami et al. 1993). The functional

receptor is a hexamer with two molecules of
IL-6 and two of IL-6R as well as two molecules

of gp130 (Boulanger et al. 2003). Tocilizumab,

the IL-6 inhibitor developed first, is a human-
ized anti-IL-6R monoclonal antibody, which

binds to transmembrane and sIL-6R and inhib-

its IL-6 binding to both receptors. The pleiotro-
pic effect of IL-6 can be explained by the broad

expression of gp130 on various cells (Taga and

Kishimoto 1997). Homodimerization of gp130
allows the Janus kinases (JAKs) such as JAK1,

JAK2, and tyrosine kinase 2 (TYK2) to come

close to each other and to lead to phosphoryla-
tion in the cytoplasmic tyrosine residues of

gp130. The Src homology 2 (SH2)-domain-

containing molecules, signal transducers and
activators of transcription (STAT)3, STAT1,

and SH2-domain-containing protein-tyrosine
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phosphatase 2 (SHP2) are attracted to the tyro-
sine-phosphorylated motifs of gp130, YXXV

for SHP2, YXXQ for STAT3, and YXPQ for

STAT1 (Y, tyrosine; V, valine; Q, glutamine; P,
proline; X, any amino acid). STAT3 and STAT1

are then phosphorylated by the JAKs and trans-

locate to the nucleus, which generates the tran-
scriptional output (Fig. 2). SHP2 activates the

mitogen-activated protein (MAP) kinase path-

way (Kishimoto et al. 1994). This is followed by
the induction of the various IL-6-responsive

genes, which include acute phase proteins, by

STAT3 activation. STAT3 also induces the sup-
pressor of cytokine signaling (SOCS)1 and

SOCS3, which bind to tyrosine-phosphorylated

JAK (Naka et al. 1997) and tyrosine-phosphor-
ylated gp130 (Schmitz et al. 2000), respectively,

to stop IL-6 signaling by means of a negative

feedback loop.
It was found recently that IL-6 can bind to

another surface molecule, CD5, and also acti-

vate STAT3 via gp130 and JAK2 (Zhang et al.
2016). STAT3 activation up-regulates CD5 ex-

pression, forming a feedforward loop that may

play a critical role in the promotion of cancer
development by CD5þ B cells. However, the

binding affinity between IL-6 and sIL-6R is

around 1 nM, whereas IL-6 binds to CD5 at
100 nM. This means that interaction of IL-6

with CD5 is doubtful under physiological con-

ditions, but can occur under pathological con-
ditions when the IL-6 level is highly elevated

(Masuda and Kishimoto 2016).

REGULATORY MECHANISM OF IL-6
SYNTHESIS

When emergent stress such as infections or tis-

sue injuries occur, IL-6 is produced immediate-

ly by innate immune cells such as macrophages
andmonocytes and plays amajor role in remov-

al of infectious agents and in tissue repair by
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Figure 2. Interleukin 6 (IL-6) receptor-mediated signaling pathway and an IL-6 inhibitor, the humanized anti-
IL-6 receptor antibody tocilizumab. IL-6 binds to soluble and transmembrane IL-6R and the resultant complex
induces homodimerization of gp130, leading to activation of Janus kinase (JAK)1, JAK2, and tyrosine kinase 2
(TYK2). JAKs, in turn, phosphorylate cytoplasmic tyrosine-based motifs of gp130, followed by attracting Src
homology 2 (SH2)-containing molecules SH2 domain-containing protein-tyrosine phosphatase 2 (SHP2) to
YXXV, signal transducers and activators of transcription (STAT)3 to YXXQ, or STAT1 to YXPQ (Y, tyrosine; V,
valine; Q, glutamine; P, proline; X, any amino acid), which results in a downstream signal. Of the negative
feedbackmolecules in cytoplasm, negative feedback molecules, suppressor of cytokine signaling (SOCS)1 binds
to and inhibits JAK, whereas SOCS3 binds to gp130 and inhibits STAT3 activation. A humanized anti-IL-6
receptor (IL-6R) antibody, tocilizumab, blocks the IL-6-mediated signaling pathway by inhibiting IL-6 binding
to both the soluble and transmembrane form of IL-6Rs. IL-6 can also bind to CD5 with low affinity, which leads
to STAT3 activation. MAPKs, Mitogen-activated protein kinases.
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activating immune and acute-phase responses.

When such stress has been eliminated from the
host and homeostasis is fully recovered, IL-6

synthesis is terminated. IL-6 production is

therefore tightly regulated in response to envi-
ronmental stress and its regulation is controlled

through transcriptional and posttranscriptional

mechanisms (Tanaka and Kishimoto 2014;
Tanaka et al. 2014a). However, if such regula-

tion is disrupted, excessive or persistent pro-

duction of IL-6 is induced and causes the de-
velopment of various diseases. Not only

immune-mediated cells but also mesenchymal

cells, VE cells, fibroblasts, and many other cells
have been found to produce IL-6 under phys-

iological and pathological conditions (Akira

et al. 1993).
It has been shown that a number of tran-

scription factors regulate IL-6 gene transcrip-

tion. The functional cis-regulatory elements in
the 50 flanking region of the human IL-6 gene

have been identified as binding sites for NF-kB,

specificity protein 1, nuclear factor IL-6 ([NF-
IL-6], also known as C/EBP-b), activator pro-
tein 1, and interferon regulatory factor 1 (Liber-

mann andBaltimore 1990;Akira andKishimoto
1992). Interestingly, certain viral products can

enhance the DNA-binding activity of NF-kB

and NF-IL-6, which results in increased IL-6
messenger RNA (mRNA) transcription. For ex-

ample, interaction with NF-kB of the transacti-

vator protein (TAX), derived from the human T
lymphotropic virus 1 enhances IL-6 production

(Ballard et al. 1988), whereas the DNA-binding

activity of bothNF-kB andNF-IL-6 is enhanced
by the transactivatorof the transcription protein

(TAT), of human immunodeficiency virus 1

(HIV1) (Scala et al. 1994). Moreover, some mi-
croRNAs (miRNAs) directly or indirectly regu-

late transcription activity. For example, interac-

tion of miRNA-155 with the 30-untranslated
region (UTR) of NF-IL-6 suppressing NF-IL-6

expression (He et al. 2009).

IL-6 expression is also controlled by post-
transcriptional regulation (Chen and Shyu

1995; Anderson 2008). Initiation of mRNA

translation is controlled by the 50 UTR, and
the stability of mRNA by the 30 UTR, which in

turn is regulated by modulation of AU-rich ele-

ments (AREs) located in the 30-UTR region. A

number of RNA-binding proteins and miRNAs
bind to the 30 UTRs and regulate the stability of

IL-6 mRNA. The nuclease regulatory RNase-1

(Regnase-1) plays a role in destabilizing IL-6
mRNA, and it was found that the relevant

knockout mice spontaneously developed auto-

immune diseases accompanied by splenome-
galy and lymphadenopathy (Matsushita et al.

2009). Another RNA-binding protein, Roquin,

recognizes target mRNAs overlapping with Reg-
nase-1 (Mino et al. 2015). However, their local-

izations and states of the target mRNAs are

spatiotemporally different. Regnase-1 degrades
transcriptionally active mRNA in cytoplasm,

endoplasmic reticulum, and ribosome, where-

as Roquin degrades transcriptionally inactive
mRNA in stress granules and processing bodies.

On the other hand, we identified a unique RNA-

binding protein, AT-rich interactive domain-
containing protein 5a (Arid5a), which binds to

the 30 UTR of IL-6 mRNA, resulting in selective

stabilization of IL-6 but not of tumor necrosis
factora (TNF-a) or IL-12mRNA(Masuda et al.

2013). Arid5a expression is enhanced in macro-

phages in response to lipopolysaccharide (LPS),
IL-1b, and IL-6, and also induced under Th17-

polarizing conditions in T cells. Arid5a gene

deficiency inhibits elevation of IL-6 levels in
LPS-injected mice and development in experi-

mental autoimmune encephalomyelitis. Arid5a

counteracts the degrading effect of Regnase-1 on
IL-6 mRNA (Fig. 3), indicating that there is a

balance between Arid5a and Regnase-1, playing

an important role in IL-6mRNAstability.More-
over, we also found that Arid5a is an important

regulator for differentiation of naı̈ve CD4þ T

cells into Th17 cells through selective stabiliza-
tion of STAT3 mRNA (Masuda et al. 2016). A

similar observation was made in IL-6 mRNA

metabolism, in which Arid5a can counteract
Regnase-1-mediated STAT3 degradation. These

findings strongly suggest that the formation of a

positive loop, consisting of IL-6, STAT3, and
Arid5a, plays an important role in the exag-

gerated expression of IL-6 and accelerated

IL-6R-mediated signaling, indicating that it
conceivably plays a pathological role in various

IL-6-mediated diseases.
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IL-6 BLOCKADE IMMUNOTHERAPY

The association of IL-6 overexpression and dis-
ease development was first found in a patient

with cardiac myxoma, who presented with fe-

ver, polyarthritis with positivity for antinuclear
antibody, elevated CRP level, and hypergamma-

globulinemia. The myxoma tissue was highly

stained with anti-IL-6 antibody, which suggest-
ed that continuous production of IL-6 from

myxoma tissue might have contributed to

chronic inflammation and autoimmunity (Hi-
rano et al. 1987). Follow-up studies have shown

that dysregulation of IL-6 production occurs in

the synovial cells of rheumatoid arthritis (RA)
(Hirano et al. 1988), myeloma cells (Kawano

et al. 1988), germinal center B cells in swollen

lymph nodes of Castleman disease (Yoshizaki

et al. 1989), and peripheral blood cells or tissues
involved in various other autoimmune and

chronic inflammatory diseases and even malig-

nant cells in cancers (Akira et al. 1993). Serum
concentrations of IL-6 are ,4 pg/mL under

healthy conditions, but IL-6 levels can increase

in various ways, depending on the disease and
its severity, usually up to several tens or even

hundreds of pg/mL in chronic diseases, whereas

in a cytokine storm the level can increase dra-
matically to .1000 pg/mL and, in severe cases,

reach a level measured in mg/mL.

In addition, the pathological role of IL-6 in
disease development has been confirmed in a

number of animal disease models, in which it

has been shown that IL-6 blockade by means of
gene knockout or administration of neutraliz-

ing anti-IL-6 or anti-IL-6R antibody is preven-
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Figure 3. Arid5a stabilizes interleukin 6 (IL-6) and Stat3 messenger RNAs (mRNAs). Toll-like receptor (TLR)4
recognizes lipopolysaccharide (LPS) and induces IL-6 mRNAvia activation of the signaling pathway of nuclear
factor of kB (NF-kB). Regnase-1 promotes IL-6 mRNA degradation in ribosomes and the endoplasmic reticu-
lum, whereas Arid5a inhibits the destabilizing effect of Regnase-1. Roquin, which requires deadenylase for its
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signal transducers and activators of transcription (STAT)3 and induces transcription of IL-6-target genes, in-
cluding Arid5a, which protects STAT3mRNA from the degrading effect of Regnase-1. The regulation of IL-6 and
STAT3 mRNAs by Arid5a is important for the IL-6 production and strength of the IL-6R-mediated signaling.
MyD88, Myeloid differentiation primary response 88; IkB, inhibitor of NF-kB; UTR, untranslated region.
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tive or leads to therapeutic suppression of dis-

ease development (Kishimoto 2005; Tanaka
et al. 2012). These findings led to the notion

that IL-6 targeting might constitute a novel

treatment strategy for various diseases, leading
to the development of tocilizumab, a human-

ized anti-IL-6R monoclonal antibody of the

IgG1 class (Sato et al. 1993) that blocks IL-6-
mediated signal transduction by inhibiting IL-6

binding to transmembrane and sIL-6R (Fig. 2).

DISEASES FOR WHICH TREATMENT WITH
TOCILIZUMAB HAS BEEN APPROVED

Currently, tocilizumab is approved for the treat-

ment of Castleman disease, RA, and juvenile
idiopathic arthritis (JIA).

Castleman Disease

Following the first in-human clinical study in

which tocilizumab was administered to a pa-

tient with multiple myeloma, the clinical trial
of tocilizumab was performed with seven pa-

tients with Castleman disease, a chronic lym-

phoproliferative disorder, in which IL-6 is path-
ologically produced in germinal center B cells in

the involved lymph node(s). These patients pre-

sented with severe inflammatory symptoms and
laboratory findings such as high fever, anemia,

increased levels of acute-phase proteins, hypo-

albuminemia, and hypergammaglobulinemia.
Administration of tocilizumab promptly ame-

liorated clinical symptoms, normalized serum

CRP levels, and improved anemia, serum albu-
min concentration, and hypergammaglobuli-

nemia (Nishimoto et al. 2000). The outstanding

efficacy of tocilizumab was confirmed in anoth-
er clinical trial with an enrollment of 28 patients

with Castleman disease (Nishimoto et al. 2005),

and these results led to the approval of tocilizu-
mab in Japan in 2005. Moreover, a chimeric

monoclonal antibody to IL-6, siltuximab, was

approved by the U.S. Food and Drug Adminis-
tration (FDA) in 2014 for the treatment of pa-

tients with multicentric Castleman disease who

are human immunodeficiency virus negative
and human herpesvirus-8 negative (Deisseroth

et al. 2015).

Rheumatoid Arthritis

The first randomized controlled trial of tocili-

zumab for RAwas performed with 45 patients

who received a single intravenous dose of either
0.1, 1, 5, or 10 mg/kg of tocilizumab or placebo

(Choy et al. 2002). At week 2, a significant dif-

ference was observed between the group treated
with 5 mg/kg of tocilizumab and the placebo

group. Five patients (56%) in the tocilizumab

cohort and none in the placebo cohort attained
20% improvement based on the American Col-

lege of RheumatologyCriteria (ACR20), or 20%

improvement in tender or swollen joints as well
as 20% improvement of three of the other five

criteria. At 12 weeks, a multicenter, double-

blind, and placebo-controlled phase II trial
was then performed in Japan (Nishimoto et al.

2004). In this trial, 164 patients with RA were

randomized for intravenous administration of
either 8 or 4 mg/kg of tocilizumab or placebo

every 4weeks. By week 12, an ACR20% response

had been attained for 78%, 57%, and 11%of the
patients injected with 8 mg/kg, 4 mg/kg of to-
cilizumab, and placebo, respectively. Seven sub-

sequent independent phase III clinical trials
performed worldwide as well as in Japan also

verified the outstanding efficacy of tocilizumab

for the suppression of disease activity and joint
destruction progression with satisfactory safety,

so that this biologic is currently approved for

RA treatment in more than 130 countries (Ta-
naka et al. 2013, 2014b). Guidelines published

by the European League Against Rheumatism

(EULAR) and ACR recommends tocilizumab
as one of eight first-line biologics to be used

for RA patients with an inadequate response

to the standard disease-modifying antirheu-
matic drug (DMARD) methotrexate (MTX)

(Smolen et al. 2014; Singh et al. 2016). First-

line biologics include five TNF inhibitors, a T-
cell activation blocker (CTLA4-Ig), and a B-cell

depletory agent (rituximab), as well as tocilizu-

mab. However, tocilizumab is the only biologic
that has proved to be more efficacious as mono-

therapy than MTX or other DMARDs (Tanaka

et al. 2013). TNF inhibitors require the concom-
itant use of MTX to achieve their maximal ef-

fects, whereas tocilizumab monotherapy is as
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effective as the combination therapy of tocilizu-

mab plus MTX for the suppression of disease
activity. Moreover, a direct head-to-head com-

parison of tocilizumab and adalimumab, a fully

human anti-TNFa antibody, showed that toci-
lizumab as monotherapy was superior to adali-

mumab, as assessed with several indices of dis-

ease activity (Gabay et al. 2013). Thus, the most
powerful antirheumatic biological currently

available is tocilizumab.

Juvenile Idiopathic Arthritis

The third disease for which tocilizumab is on-

label is systemic JIA (sJIA), which is a subtype

of chronic childhood arthritis leading to joint
destruction and functional disability and is ac-

companied by systemic inflammation. A clini-

cal trial, consisting of a 6-week open-label lead-
in phase and a 12-week double-blind phase,

was performed with an enrollment of 56 chil-

dren with sJIA (Yokota et al. 2008). By week
6, tocilizumab treatment (8 mg/kg, every 2

weeks, intravenously) had resulted in ACR Pe-

diatric 30%, 50%, and 70% responses for 91%,
86%, and 68% of the patients, respectively. For-

ty-three patients continued to the double-blind

phase and 16 of the 20 patients (80%) in the
tocilizumab group could maintain an ACR Pe-

diatric 30% response, while only four of the 23

patients (17%) in the placebo group could
maintain the same response. Moreover, a global

phase III trial, with an enrollment of 112 chil-

dren with active sJIA, has also shown that to-
cilizumab is highly efficacious for the suppres-

sion of disease activity of sJIA (De Benedetti

et al. 2012).

BROAD APPLICATION OF IL-6 BLOCKADE
IMMUNOTHERAPY FOR VARIOUS
CHRONIC IMMUNE-MEDIATED DISEASES

In addition, a variety of case studies, series, and

pilot studies of off-label use with tocilizumab
have produced favorable results, suggesting to-

cilizumab may become established as a novel

drug for the treatment of various chronic in-
tractable immune-mediated diseases (Fig. 4)

(Tanaka et al. 2012, 2014b). These include au-

toimmune diseases, chronic inflammatory dis-

eases, and other diseases such as atherosclerosis,
diabetes mellitus, orthopedic diseases, cancers,

and psychological diseases, and various clinical

trials of tocilizumab are in progress. Specifically,
there are strong indications based on accumu-

lated evidence that tocilizumab appears to be

highly promising for the treatment of systemic
sclerosis (SSc), neuromyelitis optica (NMO),

large-vessel vasculitis, and polymyalgia rheu-

matica (PMR).

Systemic Sclerosis

SSc is a connective tissue disease, characterized

by skin and tissue fibrosis, vasculopathy, and

immune abnormalities. Various studies ana-
lyzed the pathogenic mechanisms of SSc, but

no effective treatment has been established.

However, because IL-6 plays a role in formation
of these characteristics and IL-6 elevation was

found in serum as well as involved tissues of

patients, IL-6 may well be a potential target
molecule for SSc.

We were the first to report the beneficial

effect of tocilizumab for two patients with SSc
(Shima et al. 2010), and the results of the sub-

sequent phase II/III, multicenter, randomized,

double-blind, and placebo-controlled study
(NCT01532869) have recently been reported

(Khanna et al. 2016). In this trial, 87 patients

were enrolled: 43were assigned to receiveweekly
162 mg of subcutaneous tocilizumab and 44 to

receive placebo. The primary end point was a

significant difference in the mean change from
baseline in the modified Rodnan skin score

(MRSS), an index of evaluating skin thickness.

The least squares mean change in the score at 24
weeks was23.92 for the tocilizumab group and

21.22 for the placebo group (difference22.70,

95% CI: 25.85 to 0.45; p ¼ 0.09), so that the
primary end point was not attained. However,

fewer patients administered with tocilizumab

than placebo showed a decline in the percentage
of predicted forced vital capacity at 48 weeks ( p

¼ 0.0373), indicating that worsening in respi-

ratory disturbance is significantly suppressed by
tocilizumab. These results led to the granting by

the FDA to tocilizumab of a Breakthrough
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Therapy Designation for SSc and a subsequent
clinical trial (NCT02453256) was started re-

cently. In this phase II/III study, analyses of

gene expression using microarray technology
for skin biopsy specimens showed that, by 24

weeks, 16 genes had been definitely down-reg-

ulated by tocilizumab and 12 of these genes
belonged to the M2 macrophage cluster. M2

macrophages are known to play a pathological

role in fibrosis through the release of inflamma-
tory and fibrotic factors. In addition, a recent

study reported that IL-6 primes macrophages

for IL-4-dependent M2 polarization by induc-
ing IL-4 receptor expression (Mauer et al. 2014),

so that the effect of tocilizumab on SSc may be

mediated by modulatingM2macrophage activ-
ity. This trial did not evaluate the efficacy of

tocilizumab for pulmonary arterial hyperten-

sion (PAH), which is a severe, refractory disease
caused by an increase of blood pressure in the

pulmonary artery, often complicated with SSc.

In a hypoxia-induced PAHmodel, however, IL-
6 blockade resulted in a striking amelioration

in PAH and prevented IL-21-mediated polari-

zation of primary alveolar macrophages to
M2 macrophages (Hashimoto-Kataoka et al.

2015). Because this finding suggests that IL-6

blockade could also become a novel therapeutic
strategy for PAH, a phase II clinical trial

(NCT02676947) has been initiated.

Tocilizumab

1. Rheumatoid arthritis (in more than 130 countries)
2. Juvenile idiopathic arthritis (in Japan, U.S., EU, and India)
3. Castleman disease (in Japan and India)

1. Systemic sclerosis (phase II/III completed → phase III)
2. Neuromyelitis optica (phase II completed → phase III by SA237)
3. Large vessel vasculitis

4. Polymyalgia rheumatica (phase II completed → phase III)

1. Cytokine release syndrome (pilot studies)

• Polymyositis/dermatomyositis
• Systemic lupus erythematosus
• Relapsing polychondritis
• Autoimmune hemolytic anemia

• Acquired hemophilia A
• Graves’ orbitopathy
• Sjogren’s syndrome

• Adult-onset Still’s disease
• Amyloid A amyloidosis
• RS3PE

• Behcet’s disease

• Noninfectious uveitis, uveitic
  macular edema

• Graft-versus-host disease

• Autoinflammatory syndrome

• Pulmonary arterial hypertension
• lgG4-related disease

• Systemic inflammatory response syndrome,
  including severe sepsis, septic shock,
  tissue injury (burn, crush syndrome, heat stroke),
  acute pancreatitis
• Hemophagocytic lymphohistiocytosis
• Macrophage activation syndrome
• Myocardial Infarction

• Crohn’s disease
• Atherosclerosis
• Diabetes mellitus (type I and II)

• Sciatica
• Osteoarthritis

• Fibrous dysplasia of bone

• Amyotrophic lateral sclerosis
• Schizophrenia, depression
• Multiple myeloma
• B-CLL AML

• Pancreatic cancer
• Cancer-related cachexia

• HIV infection

Giant cell arteritis (phase II completed → phase III)
Takayasu arteritis (phase II completed → phase III)

IL-6

IL-6 Receptor

Approved diseases

Candidate diseases

Autoimmune diseases

Inflammatory diseases

Acute diseases

Acute diseases

Other diseases

The most promising candidate diseases

Chronic diseases

Figure 4. Interleukin 6 (IL-6) blockade immunotherapy for various diseases. Currently, tocilizumab is ap-
proved for the treatment of rheumatoid arthritis, systemic and polyarticular juvenile idiopathic arthritis, and
Castleman diseases. It is expected that IL-6 blockade immunotherapy will constitute a novel therapeutic
strategy for a wide range of diseases. In particular, the most promising candidate diseases are systemic sclerosis,
neuromyelitis, large vessel vasculitis, polymyalgia rheumatica, and cytokine release syndrome (CRS), and
ongoing clinical trials are in progress. RS3PE, Remitting seronegative symmetrical synovitis with pitting
edema; B-CLL, B-cell chronic lymphocytic leukemia; AML, acute myelogenous leukemia; HIV, human im-
munodeficiency virus.
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Neuromyelitis Optica

NMO is a chronic inflammatory demyelinat-

ing disease of the central nervous system pri-

marily affecting the spinal cord and optic
nerves. Autoantibodies against aquaporin-4

(AQP-4), an astrocyte water channel protein,

play a major part in the disease develop-
ment. Anti-AQP-4 antibodies are produced

by the plasmablast population showing a

CD19intermediateCD29highCD38highCD180negative

phenotype, which is increased in the peripheral

blood of NMO patients (Chihara et al. 2011).

An in vitro study showed that IL-6 enhanced
the survival of the plasmablast population, but

the addition of tocilizumab into the culture

diminished its survival and inhibited the pro-
duction of anti-AQP-4 antibody, thus suggest-

ing that tocilizumab is promising for the treat-

ment of NMO. Indeed, prominent beneficial
effects of tocilizumab in the suppression of re-

lapse rate and neuropathic pain have been

reported for refractory patients with NMO
(Araki et al. 2014). This has led to clinical trials

(NCT02028884 and NCT02073279, now in

progress) for treatment of NMO with a new
humanized antibody against IL-6R (SA237)

with a longer half-life, which was generated

from tocilizumab using an antibody structural
optimization technique (Igawa et al. 2010).

Giant Cell Arteritis and Polymyalgia
Rheumatica

Giant cell arteritis (GCA) is a chronic inflamma-
tory disease of large and medium-sized arteries

that affects persons over 50 years of age. Al-

though its etiology remains unknown, IL-6 has
a central role in the pathogenesis of GCA. The

serum concentrations of IL-6 are elevated at the

onset and during clinical relapse, while it has
been reported that tissue-infiltrating cells pro-

ducemajor quantities of IL-6 aswell asTh1-type

cytokine interferon g (IFN-g) in patients with
GCA. Subsequent to various reports regarding

off-label use of tocilizumab for intractable GCA

patients, a phase II, randomized, double-blind
placebo-controlled trial (NCT01450137) was

performed in Switzerland (Villiger et al. 2016).

Thirty patients with new-onset or relapsing

GCAwere assigned (2:1) to receive tocilizumab
(8 mg/kg, every 4 weeks) or placebo intrave-

nously until week 52. Both groups received

oral prednisolone, starting at 1 mg/kg per day
and tapered down to 0. Seventeen (85%) of pa-

tients achieved relapse-free survival patterns in

the tocilizumab group and two (20%) in the
placebo group (risk difference: 65%, 95% CI:

36–94; p ¼ 0.0010). The mean survival time

difference to stop glucocorticoids was 12 weeks
in favor of tocilizumab (95% CI: 7–17; p ,

0.0001), leading to a cumulative prednisolone

dose of 43 mg/kg in the tocilizumab group
versus 110 mg/kg in the placebo group ( p ¼

0.0005) after 52 weeks. Serious adverse events

affected seven patients (35%) in the tocilizumab
group and five (50%) in the placebo group.

These results show the marked efficacy of tocili-

zumab for the induction and maintenance of
remission in patients with GCA.

PMR is a chronic inflammatory disease af-

fecting the elderly. It is characterized by aching
and morning stiffness in the shoulders, neck,

and pelvic girdles. Onset of this disorder often

occurs in association with GCA. IL-6 has been
recognized as the most sensitive marker of dis-

ease activity and course. In a prospective open-

label study (NCT01713842), 20 glucocorticoid-
free patients with symptom onset within the

previous 12 months and a PMR activity score

(PMR-AS) of .10 received three infusions of
8 mg/kg tocilizumab every 4 weeks, followed by

prednisolone from weeks 12 to 24 (0.15 mg/kg
if PMR-AS ,10 and 0.30 mg/kg otherwise)
(Devauchelle-Pensec et al. 2016). Baseline me-

dian PMR-ASwas 36.6, but by week 12 the score

had become ,10 in all patients, so that all
patients subsequently received the low dose of

prednisolone. Median PMR-ASwas 4.5 by week

12 and 0.95 by week 24. In another open-label
clinical trial (NCT01396317), 10 patients with

newly diagnosed PMR and prior treatment with

less than 1 month of glucocorticoids were treat-
ed with 8 mg/kg tocilizumab every 4 weeks in-

travenously plus a standardized rapid steroid

taper (Lally et al. 2016). The primary end point
was the percentage of subjects in relapse-free

remission without glucocorticoids at 6 months.
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One patient withdrew after 2 months, but the

other nine patients attained the primary end
point and remained in remission without re-

lapse throughout the entire 15-month study.

These findings indicate that tocilizumab is ef-
fective for recent-onset PMR.

APPLICATION OF IL-6 BLOCKADE
IMMUNOTHERAPY FOR ACUTE
INFLAMMATORY DISEASES

In addition to these potential indications for

treatment with tocilizumab of a variety of

chronic diseases, it could potentially serve as
rescue therapy for acute life-threatening condi-

tions such as cytokine storm and myocardial

infarction.

Cytokine Storm

A cytokine storm is a potentially fatal immune

reaction with highly elevated levels of various

cytokines caused by extremely activated im-
mune cells such as T cells, macrophages, and/
or histiocytes in response to infections, tissue

injuries, and autoimmune reaction.
Cytokine release syndrome (CRS) entails se-

vere or fatal acute complications and is induced

by nonphysiologic T-cell activation after T-cell-
engaging therapies using chimeric antigen re-

ceptor–modified T cells (CAR-T) or a CD19/
CD3-bi-specific antibody (blinatumomab)
(Maude et al. 2014a). IL-6, IL-8, IL-10, and

MCP-1, as well as the effector cytokine, IFN-g,

have been shown to be markedly elevated in
patients with CRS. However, one administra-

tion of tocilizumab to the first patient with

CRS as a complication of CAR-T therapy dra-
matically and unexpectedly resolved her serious

condition (Grupp et al. 2013). Moreover, CRS

induced by blinatumomab treatment of another
patient, who presented with hemophagocytic

lymphohistiocytosis with multisystem organ

failure, was rapidly alleviated after one injection
of tocilizumab (Teachey et al. 2013). Before to-

cilizumab therapy, this patient’s serum levels of

IFN-g, IL-6, IL-8, IL-10, andMCP-1 were high-
ly elevated, but tocilizumab injection resulted in

a reduction in all elevated cytokine levels. In a

subsequent study, 30 patients with acute lym-

phoblastic leukemia treated with CAR-T thera-
py had mild-to-severe CRS, with severe CRS in

27% of the patients, who required intensive care

because of respiratory failure, coagulopathy,
and hypotension (Maude et al. 2014b). In the

patients with severe CRS, serum IL-6 levels were

.1000 pg/mL, but again tocilizumab could
produce a rapid and profound improvement

in their severe clinical manifestations in only 1

to 3 days. These findings point to the possibility
that IL-6 blockade may constitute a novel ther-

apeutic strategy for emergent fatal complica-

tions mediated by “cytokine storm” (Tanaka
et al. 2016).

A cytokine storm is induced by numerous

conditions, which include, in addition to CRS,
SIRS, macrophage-activation syndrome, and

hemophagocytic lymphohistiocytosis. SIRS is

composed of a variety of diseases: infection-in-
duced SIRS (sepsis) and noninfectious SIRS

such as trauma, burns, acute pancreatitis, heat

stroke, crush syndrome, blast injury, graft-ver-
sus-host disease, ischemia, and hemorrhage.

Surgery-related complications, adrenal insuffi-

ciency, pulmonary embolism, and aortic aneu-
rysm can also lead to SIRS, and a biological drug

against CD28 was also reported to induce SIRS

(Suntharalingam et al. 2006). Although the
mortality rate for SIRS is very high, an effective

immunomodulation therapy has not yet been

established. In fact, more than 100 clinical trials
of biologics, including TNF and IL-1 inhibitors

and other agents for the treatment of sepsis,

have been conducted, yet no effective drug has
been found.

IL-6 is an attractive target molecule for

SIRS. As mentioned previously, the complex
IL-6/sIL-6R is implicated in the induction of

thrombosis, vascular leakage, and myocardial

dysfunction, leading tomultiple organ dysfunc-
tion and DIC (Kruttgen and Rose-John 2011).

Moreover, numerous studies have shown IL-6 to

be an excellent biomarker of severity and prog-
nostic indicator of outcome for patients with

SIRS. In patients with severe multiple organ

dysfunction, serum levels of IL-6 can increase
to .1000 pg/mL. Initially, CRS-related cyto-

kines (IL-6, IL-8, IL-10, IFN-g, and MCP-1)

Interleukin 6 Immunotherapy
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as well as other cytokines, including TNF-a and

IL-1, are highly expressed in patients with SIRS
and sepsis in particular.However, the serum lev-

els of TNF-a and IL-1 return to normal levels

within the first few hours and this is one reason
why the clinical trials of both TNF and IL-1 in-

hibitors failed to show effectiveness for sepsis.

However, levels of circulating IL-6 as well as of
IL-8, IL-10, and MCP-1 persist much longer in

patients with sepsis and other SIRS (Kang et al.,

in prep.). These findings indicate that IL-6
blockade features a broader therapeutic window

than other procedures and thusmay constitute a

novel therapeutic strategy for SIRS. Because the
Kd of IL-6 binding to sIL-6R is ≏1 nM and the

resultant complex binds to gp130 with a Kd of

10 pM, such highly elevated IL-6 can activate
various cells, especially VE cells, through the

sIL-6R-mediated trans-signaling mechanism,

resulting in the further secretion of IL-6, IL-8,
and MCP-1. Thus, as seen in CRS complicated

with T-cell engaging therapy, tocilizumab ther-

apymay possibly lead to suppression of all these
cytokines in SIRS, irrespective of underlying

diseases, by suppressing activation of VE cells.

If this is the case, IL-6 blockade will become a
novel therapeutic approach for awide variety of

acute severe systemic inflammatorydiseases pre-

senting with “cytokine storm,” although addi-
tional clinical studies are required to verify this

possibility.

Myocardial Infarction

IL-6 contributes to atherosclerotic plaque devel-
opment and is involved in ischemia-reperfusion

myocardial injury. In a two-center, double-

blind, placebo-controlled trial, 117 patients
with non-ST-elevation myocardial infarction

were randomized at a median of 2 days after

symptom onset to receive 240 mg of tocilizu-
mab or placebo intravenously before coronary

angiography (NCT01491074) (Kleveland et al.

2016). The area under the curve (AUC) for CRP
and troponin T (a marker of myocardial dam-

age) at seven time points between days 1 and 3

was measured. Median AUC for CRP was 2.1
times higher for the placebo group than for

the tocilizumab group (4.2 vs. 2.0 mg/L/h; p

, 0.001), whereas median AUC for troponin T

was also higher for the placebo group compared
with the tocilizumab group (234 vs. 159 ng/L/
h; p ¼ 0.007). These findings indicate that to-

cilizumab can protect against inflammation as
well as myocardial damage induced by myocar-

dial infarction, leading to a clinical trial of

short-term application of tocilizumab follow-
ing myocardial infarction (NCT 02419937).

CONCLUDING REMARKS

In parallel with the discovery of IL-6 and sub-

sequent elucidation of the IL-6 signaling system,
the pathological involvement of IL-6 in various

diseases was also ascertained. This was followed

by the development of the IL-6 inhibitor tocili-
zumab, which is currently used for the treat-

ment of Castleman disease, RA, and systemic

and polyarticular JIA. It is anticipated that, dur-
ing the next decade, the IL-6 inhibitor will be

widely used for the treatment of various as yet

intractable diseases, including cytokine storm,
and that its use will overcome the refractoriness

of such diseases. To achieve this goal, however,

further clinical evaluations will be essential.
Nevertheless, one conundrum remains to be

solved, namely, why is IL-6 excessively or per-

sistently expressed in various diseases? The IL-6
synthesis is controlled by transcription and

posttranscriptional regulations. As described

elsewhere, Arid5a stabilizes IL-6 as well as
STAT3 mRNA by competing with degrading

functions of Regnase-1 and forms a positive

loop between IL-6 and STAT3. Accurate and
detailed analyses of such RNA-binding proteins

and of other regulators, which affect IL-6 syn-

thesis, will certainly contribute to solving this
mystery, while clarification of the mecha-

nism(s) involvedwill facilitate the identification

of more specific target molecules and investiga-
tion into the pathogenesis of specific diseases.
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