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Abstract During the last two decades, clinical use of novel
biological therapy has led to increased mechanistic under-
standing of complex rheumatological diseases. Conversely,
basic and translational studies have led to development of
new and varied therapeutic agents. These new medications
which “target” specific steps in one ormore immune pathways
have the potential to control disease symptoms, improve qual-
ity of life and long-term prognosis, and perhaps in some,
restore immunological tolerance. Use of these agents in clin-
ical trials, combined with post-marketing surveillance, has
revealed both the benefits and the undesirable side-effects of
biological disease-modifying anti-rheumatic drugs
(DMARDs). In this review we focus on the use of
tocilizumab, a monoclonal antibody directed against the IL6
receptor (IL6R), which potently inhibits IL-6/IL6R signaling.
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Introduction

Systemic onset juvenile idiopathic arthritis (sJIA) was first
recognized as an entity by Stills in 1897 [1]. SJIA affects

both children and adults, and is characterized by fever in a
quotidian pattern, with maximum temperatures in the late
afternoon and sub-normal temperatures in the morning, and
by an evanescent salmon-colored rash, serositis, leukocyto-
sis, thrombocytosis, and a disuse anemia which may or may
not be accompanied by arthritis. In adults, sJIA has been
termed Still’s disease. One-third of affected children may
have a disease course characterized by persistent systemic
symptoms, and 1/3 may develop polyarticular disease (“go
polyarticular”); however, up to 1/3 have a much more be-
nign form of the disease, which goes into remission with
modest therapy.

Until the 1990s, systemic onset JIA (previously known as
juvenile rheumatoid arthritis or JRA) had the highest mor-
bidity and mortality of the JRA subtypes. Rheumatologists
over age 40 will recall seeing children with cushingoid
facies who were at risk of severe complications, including
constrictive pericarditis, degenerative hip disease, short stat-
ure, and vertebral compression fractures, as the result of
long-standing disease and of its therapy.

The last two decades have brought understanding of sys-
temic onset JIA as an auto-inflammatory condition in which
the failure to down-regulate pro-inflammatory cytokines, in-
terleukin 1 (IL-1) and 6 (IL-6), results in perpetuation of
inflammation. Improved prognosis for children with sJIA
seems to relate to the capacity to modulate IL-6, either directly
by interfering with the action of IL-6 to IL-6 receptors (IL-6R)
or indirectly via upstream manipulation of IL-1 [2••, 3].

Brief History of IL-6

IL-6 was originally described as a T-cell-derived B-cell dif-
ferentiation factor [4], on the basis of its function maturing B-
cells into antibody-producing plasma cells [5, 6]. IL-6 was
subsequently revealed to be produced by both “immune” and
“non-immune” cells, resulting in a range of biological
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functions [7]. Labeled as a “pleiotropic” cytokine, because of
the gene product’s actions on multiple phenotypic states
and/or functions, it was independently reported by several
investigators, all of whom named it for its association with
the tissue in which it was discovered or for its putative
function at the time of its identification: names included
interferon-beta 2, 26 kDa protein, hybridoma/plasmacytoma
growth factor, and hepatocyte stimulating factor [7]. When it
was realized that identical nucleotide sequencing coded for all
these proteins, they were collectively named IL-6 [8, 9].

IL-6-dependent signals are transduced upon binding of
IL-6 to the IL-6R. IL-6–IL-6R complexes activate JAK-1,
JAK-2, or TYK-2 depending on tissue specificity, inducing
phosphorylation of tyrosines in the cytoplasmic domain of
gp130. Phosphorylation of gp130 recruits signal transducer
and activator of transcription 3 (STAT-3) to STAT-3
phosphotyrosine residues, where STAT-3 itself is then phos-
phorylated, dimerized, and translocated to the nucleus
[10–14]. In turn, STAT-3 induces expression target genes
that are pro-inflammatory and of SOCS proteins (SOCS
proteins are negative regulators of cytokine expression)
[15]. Reported functions of IL-6 include inhibition of T
regulatory (Treg) cells, differentiation of pro-inflammatory
T helper 17 (Th17) cells [16], and induction of cytotoxic T-
cells [17]. IL-6 production by hepatocytes contributes to
fever and induces acute-phase proteins including C-
reactive protein (CRP), serum amyloid A (SAA), haptoglo-
bin, fibrinogen, ferritin, and hepcidin [18, 19]. With IL-1,
IL-6 has also been implicated in mediating anemia [20] (via
induction of hepcidin and other proteins) and inducing
thrombocytosis. Elevated levels of IL-6 have been reported
in inflamed synovium [21] and in serum of sJIA, polyJIA,
and RA patients [22–24].

A link between IL-6 and inflammatory arthritis was
suspected after reports of elevation of IL-6 in the
lymphoproliferative disorder known as Castleman’s disease.
In Castleman’s, IL-6 production is associated with anemia,
leukopenia, fever, and elevation of acute phase reactants [25].

Mouse Data Implicate IL6/IL6R Signaling in Inflammatory
Arthritis

The important function of IL-6 in arthritis is supported by data
revealing that mice genetically engineered to have a point
mutation in Tyr759 of the gp130 receptor portion of the
IL6R develop RA-like disease. Tyr759 negatively regulates
gp130: in the absence of this Tyr759 function excess signaling
of IL-6 via gp130 occurs, leading to inflammatory arthritis
[26]. The gp130 F759/F759 “knock-in” mouse model of
arthritis is highly T-cell dependent; when crossed with mice
that lack Rag-2, the arthritis phenotype is negated. Selective
mutation of F759 in myeloid-derived cells (macrophages,

synovial fibroblasts) confers disease even when not found in
lymphocytes themselves. Taken together, the data suggest that
T-cell mutations are required for the phenotype, but that
mutation in myeloid but not T-cells is needed for development
of arthritis. As might be expected, IL-6 deficient mice are
resistant to collagen-induced arthritis [27, 28]. IL-6 induces
osteoclastogenesis, and has been implicated in the erosive
process observed in inflammatory arthritis [29].

Tocilizumab and IL-6 Blockade

Tocilizumab (TCZ) is a humanized monoclonal antibody
(mAb) that targets components in the IL-6 signaling pathway
(its complementary-determining regions from mouse anti-
human IL-6R antibody are grafted to human IgG1) [30].
TCZ competes with IL-6 for both membrane-bound and sol-
uble IL-6R [30], and blocks gp130 signal transduction [31].
Use of TCZ for RA improves clinical disease, halts radiolog-
ical progression, and normalizes laboratory findings [32–40].

Systemic JIA and Tocilizumab (TCZ)

Yokota et al. first described use of IL-6 inhibition to treat sJIA
in 2003 [31]. A phase II dose-ranging study of TCZ (2–
8 mg/kg) to treat sJIA resulted in at least 30 % improvement
after three doses at 2 mg/kg, although 8 mg/kg seemed to be
the optimum dose for control of signs and symptoms of sJIA
and of laboratory abnormalities. Doses higher than 8 mg/kg
were not studied [41]. TCZ was also shown to be safe and
effective in an open-label phase II single-dose study of
tocilizumab in which, after demonstration of safety at a lower
dose, a cohort of children received an increased dose [42].

A phase III trial of tocilizumab in sJIA reported achieve-
ment of ACR Pedi 30, 50, and 70 responses in 51/56 (91 %),
48/56 (86%), and 38/56 (68%), respectively, during the initial
open-label phase [43]. Of the 56 patients enrolled in the open-
label phase, 44 improved sufficiently with open-label drugs to
make them eligible to participate in the randomized double-
blind (DB) placebo-controlled withdrawal phase. In the DB
phase, 43 of 44 eligible subjects were randomized to receive
the drug or a placebo; ACR Pedi 30 responses were 16/20
(80 %) with TCZ versus 4/23 (17 %) with placebo, ACR50
16/20 (80 %) versus 4/23 (17 %), and ACR70 15/20 (75 %)
versus 3/23 (13 %). For subjects whose symptoms worsened
on placebo, most recaptured their initial TCZ response during
the open-label extension: 47/48 (98 %) with an ACR30, 45/48
(94 %) with an ACR50 and 43/48 (90 %) with an ACR70.
Radiography findings of children with sJIA showed less
narrowing on Larsen score than at the start of study; signifi-
cant improvement was found when comparing joint space
narrowing before and after therapy (p<0.05) and also when
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comparing subchondral bone cysts and erosion before and
after therapy (p<0.01) [44].

In the PRINTO/PRCSG multi-center registration study of
tocilizumab for sJIA, 112 subjects 2–17 years old with recal-
citrant sJIA for at least six months (mean disease duration
5.2 years) were randomized to TCZ or placebo infusion every
two weeks by use of a 2:1 randomization scheme. Using a
different approach from earlier trials, children <30 kg received
a dose of 12 mg/kg whereas those ≥30 kg received 8 mg/kg
[2••]. Seventy-five patients received TCZ (8 mg/kg for patients
≥30 kg, and 12 mg/kg for those <30 kg), and 37 patients
received placebo. The primary end point (definition of im-
provement: afebrile state and minimum of a JIA ACR30)
was measured at 12 weeks; 64/75 (85%) in the TCZ compared
with 9/37 (24 %) in the placebo group met the definition of
improvement, p<0.001 [2••]. An “early out” into an open-label
TCZ group was offered to non-responders; 54 % of placebo
and 1 % of TCZ subjects discontinued participation in the DB
phase and entered the open-label continuation. Subjects who
completed the double-blind phase were offered open-label
tocilizumab at week 12 of the double-blind phase. Patients
were eligible to remain in the open-label continuation until
TCZ was clinically available for treatment of sJIA. At study
week 52, one-third of the patients had inactive disease, and
52 % no longer required glucocorticoids.

In 2011 the FDA and EMEA approved TCZ for use for
sJIA in children aged two years and above. TCZ for sJIA
was approved after publication of the 2011 American Col-
lege of Rheumatology recommendations for treatment of
sJIA, meaning these recommendations do not include TCZ
[45••]. However, TCZ is included in consensus protocols
published by the Childhood Arthritis and Rheumatology
Research Alliance (CARRA) [46••].

An open-label study of children less than two years old
with active sJIA is currently in progress; it focuses on TCZ
safety, pharmacokinetics, and pharmacodynamic outcomes
for this age group [47•].

Use of TCZ remains off-label for adult-onset Still’s dis-
ease (AOSD), though TCZ is indicated for RA and for sJIA.
Successful use of TCZ has been reported for 14 French
patients with refractory AOSD [48]. Eleven Israeli patients
with AOSD who were successfully treated with TCZ expe-
rienced a reduction in number of swollen and tender joints,
resolution of systemic symptoms (rash and fevers), and a
reduction in acute-phase reactants [49].

Adverse Events

Serious adverse events (SAEs) in the pediatric population
were describedwith each study and are summarized in Table 1.
De Benedetti et al. reported a 25% risk of an SAE and an 11%
risk of a serious infection per year of treatment from a large

phase II registration study of sJIA children with moderate to
severe disease [2••]. The cumulative number of infections in
that study was 3.0 per patient-year, and the number of serious
infections was 0.11 per patient-year. Tuberculosis and oppor-
tunistic infection were not reported, but macrophage activa-
tion syndrome occurred in three of the patients (one episode
was attributed to varicella infection as an initiator whereas the
other two cases were attributed to withdrawal of TCZ). Death
was reported for six of the 112 study patients; three patients
were still in the study and receiving TCZ at the time of death.
One death was attributed to MVA, one to spontaneous tension
pneumothorax, and one to infection—streptococcal sepsis.
The three other deaths occurred 6, 12, and 13 months after
withdrawal from the study, and were probably secondary to
macrophage activation syndrome (MAS) in one patient and to
pulmonary hypertension in the other two [2••].

Whether tocilizumab contributed to or hindered develop-
ment of MAS is still the subject of active investigation. The
clinical findings of MAS were low in comparison with those
for patients not treated with IL-6 blockade, but it has been
hypothesized that tocilizumab may partially-treat MAS, po-
tentially masking symptoms and increasing the difficulty of
diagnosing MAS [50•, 51]. Monitoring of lipids is required
during TCZ therapy, although whether TCZ contributes to
increase in levels of medium-size pro-inflammatory LDLs
or larger non-inflammatory LDLs is unknown.

Other Uses in the Pediatric Population

he CHERISH study was designed to show the efficacy and
safety of TCZ for patients with active polyarticular juvenile
idiopathic arthritis (polyJIA) who did not respond to meth-
otrexate [52, 53]. The safety profile in CHERISH did not
find new SAEs apart from those previously described for
sJIA patients treated with TCZ. Children with methotrexate-
resistant polyarticular disease also seemed to benefit from
treatment with TCZ [54]. The FDA approved TCZ for

Table 1 Summary of SAEs associated with TCZ

Common SAE ≥5 % Uncommon SAE ≥1–<5 % Rare SAE <1 %

URI MAS Anaphylaxis

Nasopharyngitis Infusion reaction

Diarrhea

HA

Neutropenia Thrombocytopenia

↑ ALT

Hyperlipidemia

ALT = alanine aminotransferase, HA = headache, MAS = macrophage
activation syndrome, SAE = serious adverse events. URI = upper
respiratory infection, yr = year
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treatment of poly JIA on May 1, 2013 and EMA approval is
anticipated later in 2013.

Patients with JIA-associated uveitis refractory to therapy
may benefit from TCZ treatment, as may adults with non-
JIA-associated inflammatory eye disease [55•]. An open-
label trial is in progress to investigate the safety and efficacy
of TCZ for children (2–17 years) with vision-threatening
JIA-associated uveitis that is refractory to other systemic
immunosuppressive therapy [56]. Data from an open-label
phase I trial on adult systemic lupus erythematosus (SLE),
also suggest that TCZ may be an effective therapy [57].

Other IL-6 Inhibitors

Currently, TCZ is the only commercially-available IL-6 inhibitor.
Other IL-6 blockers are in various stages of development.
Centocor (Horsham, Pennsylvania, USA, a subsidiary of John-
son and Johnson, New Brunswick, New Jersey, USA), devel-
oped Sirukumab (previously CNTO-136). Sirukumab is a
human anti-IL-6 monoclonal antibody which binds to IL-6,
preventing further signal transduction and activation of the IL-6
pathway, and is in the Janssen/GSK pipeline for treatment of RA
[58]. The same company developed Siltuximab (previously
CNTO-328), an anti-IL-6 chimeric antibody with high affinity
for IL-6, which is in development for multiple myeloma and
other malignancies [59]. Bristol–Myers Squibb and Alder
Biopharmaceuticals developed BMS945429 (ALD518), a
humanized monoclonal antibody directed against IL-6; promis-
ing results were obtained from a phase II study of methotrexate-
resistant rheumatoid arthritis patients [60].

Conclusions

The challenging complexity of understanding the mechanism
of sJIA is compounded by the lack of an appropriate animal
model. Despite this, the science of sJIA has evolved: we now
know that IL-6 inhibition with TCZ reduces symptoms for
children with sJIA, and that it seems to be of therapeutic value
in clinical trials and in real world experience.

However, understanding of the mechanism(s) of a particu-
lar therapy often lags behind use in the clinic. Recent data
suggest that TCZ is clinically effective for many but not all
children with systemic juvenile idiopathic arthritis (sJIA);
sJIA is currently regarded as an auto-inflammatory disease
that may arise as a result of defective signaling or failure to
down-regulate innate immune signaling. IL-6 seems to work
in part by amplifying innate immune signals that contribute to
inflammation; an IL-6 blocker acts by attenuating these pro-
inflammatory signals. Questions remain about the relation-
ships between defective phosphorylation of IL-18 receptor
β-chain [61] in sJIA and IL-6 and whether CCL20 is an

important downstream mediator of inflammation in sJIA.
Also uncertain is whether the dyserythropoesis observed in
sJIA children can contribute to activation of the innate im-
mune system, stimulating innate immunity via iron that is not
incorporated into hemoglobin. Although tocilizumab has been
shown to be effective for sJIA, little information is available
on whether this therapy, steroids, or therapy directed at inter-
ruption of IL-1 signaling should be used early in the disease
(first), and whether any of this therapy, if used early, can
prevent the evolution of sJIA into a chronic disease for those
whose disease is not naturally limited to a single episode.
Because it can be hard to determine the short and long-term
safety of serial and concomitant agents for all users, designing
and performing late-effect studies using disease-specific reg-
isters should also be high on our agenda.
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