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Abstract

Interleukin-6 (IL-6) signaling is a critical target in inflammatory pathways. Today, tocilizumab (TCZ) and sarilumab (SAR),
two IL-6 receptor-inhibiting monoclonal antibodies, are widely used in the treatment of rheumatoid arthritis (RA), with a
favorable efficacy/safety profile. Successful introduction of such agents in the treatment of RA has encouraged the devel-
opment of other agents targeting different points of the pathway. Sirukumab (SRK), a human anti-IL-6 monoclonal anti-
body, has been evaluated in clinical trials and showed largely similar clinical efficacy compared with TCZ and other IL-6
pathway-targeting agents. Furthermore, the drug safety profile seemed to reflect the profile of adverse effects and laboratory
abnormalities seen in other inhibitors of the IL-6 pathway. However, increased death rates under SRK treatment compared
with placebo raised safety concerns, which led to the decision by the FDA to decline the approval of SRK in August 2017.
However, during the 18-week true placebo-controlled period, mortality rates were identical in the placebo- and SRK-treated
patients. Comparisons after week 18 may be confounded by some factors, and also the ‘crossover’ design resulted in vari-
ous treatment groups with varying drug exposure periods. The limited placebo exposure relative to SRK exposure makes
interpretation of mortality rates difficult. We do not know whether the imbalance in mortality rates seen for SRK is a true
safety signal or a result of bias due to the study design. Therefore, further long-term clinical data as well as basic research
is needed to allow deeper insight into IL-6 signaling.

The complexity of the interleukin (IL)-6 pathway in
regulating autoimmune and inflammatory cascades is not
yet fully understood

Compared with IL-6R inhibition, direct IL-6 inhibition
may have a higher potency in the treatment of systemic
complications of rheumatoid arthritis (RA), such as
depression and cardiovascular diseases

Currently, only the use of IL-6 receptor inhibition in the
treatment of RA is established, but it is not possible to
make a final judgment upon direct IL-6 inhibition with
respect to safety concerns
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1 Introduction

Interleukin-6 (IL-6) is an important cytokine both for
innate and adaptive immunity [1]. Numerous cell types
produce IL-6, including monocytes, T cells, fibroblasts
and endothelial cells, especially at inflammation sites [2].
The IL-6 pathway is involved in different inflammatory
diseases and could be a potential target in a broad spec-
trum of indications in diverse disciplines of medicine [3].
Better understanding of this pathway has led to the poten-
tial for development of several new treatment modalities
affecting different points of the pathway [4]. Today, toci-
lizumab (TCZ) and sarilumab (SAR), two IL-6 receptor
(IL-6R) inhibitors, are approved for use in rheumatoid
arthritis (RA), in combination with methotrexate (MTX)
as well as monotherapy. TCZ is also indicated for systemic
as well as polyarticular juvenile idiopathic arthritis, giant
cell arteritis, and a cytokine release syndrome. The IL-6
neutralizing antibody (Ab) siltuximab is approved for mul-
ticentric Castleman disease (MCD). Several agents target-
ing IL-6R, IL-6, or the trans-signaling mechanism of the
IL-6 pathway are also in late-stage development phases.

In this article, we describe the role of IL-6 signaling in
the pathogenesis of RA, describing the molecular interac-
tions between IL-6, IL-6R, the IL-6 transducer molecule
gp130, and subsequent signaling cascades. Based on
in vitro and preclinical data, we will then discuss the theo-
retical differences that could arise from the use of mono-
clonal antibodies (mAb) that bind to IL-6 versus IL-6R,
considering also extra-articular effects as well as potential
safety considerations. We will address the known clinical
efficacy and safety profile for IL-6R and IL-6 mAbs to
elaborate on the potential differences and similarities of
both approaches.

2 IL-6 Signaling

IL-6 was initially recognized as a regulator of the acute-
phase response, and for its role in the activation of T
cells and differentiation of B cells [5, 6]. It is a pleotropic
cytokine and displays hormone-like functions in various
situations such as lipid metabolism, insulin resistance,
vascular disease, and neuroendocrine regulation [7-9].
IL-6 demonstrates its biological activities only by bind-
ing to its specific receptor, IL-6R. Neither IL-6 nor IL-6R
has a measurable affinity for gp130. However, as a com-
plex, IL-6 and IL-6R can bind to and activate the IL-6R
B-subunit, gp130, leading to its dimerization and intracel-
lular signaling (Fig. 1) [2, 10]. The first step in intracel-
lular signaling is the activation of Janus kinases (JAKSs),

A\ Adis

which are constitutively associated with the cytoplasmic
tail of gp130. Activation of JAKs by auto-phosphorylation
leads to the phosphorylation of the cytoplasmic part of
gp130 on five tyrosine residues. The membrane-proximal
tyrosine is a docking site for the Src homology 2-contain-
ing protein tyrosine phosphatase 2 (SHP2), which activates
the mitogen-activated protein kinase (MAPK) and the
phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3 K)
pathways as two signal transducer and activator of tran-
scription (STAT) independent pathways activated by IL-6.
Phosphorylation of the remaining four tyrosine residues
activates STAT3 by phosphorylation and dimerization and
to a lesser extent STAT1. Subsequently, STATs induce the
transcription of target genes in the nucleus. Besides the
JAK/STAT pathway, IL-6 signaling also stimulates Src-
family kinase (SFK)-dependent signaling, which probably
leads to the activation of different transcriptional regu-
lators including YES-associated protein (YAP) [11]. Of
note, phosphorylation of the tyrosine residue 759 (Tyr759)
in the cytoplasmic tail of gp130 is important for negative
regulation of IL-6 signal transduction. SHP2 and suppres-
sor of cytokine signaling 3 (SOCS3) bind to this phospho-
tyrosine and attenuate the IL-6 downstream JAK/STAT
signaling [12].

IL-6 has no binding affinity to gp130 in the absence
of IL-6R [13]. Remarkably, while all cells of the body
express gpl30, the surface expression of the IL-6R is
restricted to hepatocytes, leukocytes, and some epithelial
cells [2, 11].

However, the biological activity of IL-6 is not restricted
to the aforementioned cells, since IL-6R can be proteolyti-
cally cleaved from the cell membrane by a disintegrin and
metallopeptidase domain 17 (ADAM17), generating a solu-
ble IL-6R (sIL-6R) [14]. This soluble form of IL-6R in com-
bination with gp130 can also bind IL-6 in order to initiate
intracellular signaling, which is called ‘trans-signaling.” The
signaling of IL-6 via membrane-bound IL-6R (mIL-6R) is
called ‘classic signaling.” Heink et al. have also described
a novel mechanism of IL-6 signaling, called ‘trans-presen-
tation’, in which T cells respond to IL-6 in the absence of
IL-6Ra expression [15]. Membrane-bound IL-6Ra in com-
plex with IL-6 is presented by dendritic cells and sensed by
gp130 molecules expressed on T cells. Trans-presentation of
IL-6 by dendritic cells is required for priming of pathogenic
T-helper 17 (Ty17) cells. The authors reported that, while
similar to classic IL-6 signaling and IL-6 trans-signaling,
trans-presentation remains amenable to neutralization via
anti-IL-6Ra antibodies. Anti-IL-6 antibodies fail to inhibit
IL-6 trans-presentation. This finding is further evidence
of the complexity of the IL-6 pathway, which necessitates
careful evaluation during development of novel therapeutic
strategies. However, these observations shown in mice need
to be further evaluated in human cells.
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Fig. 1 IL-6 signaling cascade. IL-6 demonstrates its biological activi-
ties only by binding to its specific receptor, IL-6R. This cytokine-
receptor complex then associates with the IL-6R B-subunit, gp130,
leading to its dimerization and intracellular signaling. Classical 1L-6
receptor signaling occurs in cells that express IL-6R and gpl130.
IL-6R can be proteolytically cleaved from the cell membrane by
ADAM17, generating sIL-6R. This mechanism of trans-signaling
allows IL-6 to act on cells that lack IL-6R. Both modes of IL-6 recep-
tor signaling lead to gp130 activation of Janus kinases 1 and 2 and
Tyrosine kinase 2, and a series of proximal tyrosine residues that
activate STAT1, STAT3, MAPK and PI3K cascade. Besides the JAK/
STAT pathway, IL-6 signaling also stimulates SFK-dependent signal-
ing, which probably leads to the activation of different transcriptional

3 Soluble gp130

A soluble form of gp130 (sgp130) is naturally found in the
circulation and together with sIL-6R it is thought to buffer
circulating IL-6 levels [16, 17]. Since the capacity of the
buffer increases with the increased levels of sIL-6R, the
interaction of both molecules, sgp130 and sIL-6R, inhib-
its the stimulation of gpl130-expressing cells and repre-
sents a protective barrier against inflammatory diseases
[18]. Of note, carriers of a human IL6R gene (r57529229)
polymorphism, which causes an Asp358Ala substitution
in the ADAM17 cleavage site of the IL-6R protein, have
increased levels of sIL-6R in the circulation and are pro-
tected from various autoimmune diseases including RA [19,
20]. The levels of sIL-6R in the human circulation have been
described to be in the range of 50-75 ng/mL [11]. However,
it is not clear whether these levels can predict the required
amount of an IL-6R blocking agent for clinical trials and
whether the amount of IL-6R blocking agent affects the rela-
tive blocking of sIL-6R compared with mIL-6R.

regulators including YAP. Phosphorylation of the tyrosine residue
759 in the cytoplasmic tail of gp130 is important for negative regu-
lation of IL-6 signal transduction. SHP2 and SOCS3 bind to this
phosphotyrosine and attenuate the IL-6 downstream JAK/STAT sign-
aling. ADAM17 a disintegrin and metallopeptidase domain 17, IL-6
interleukin-6, /L-6R interleukin-6 receptor, Jak Janus kinases, MAPK
mitogen-activated protein kinase, m/L-6R membrane bound IL-6R,
PI3K phosphatidylinositol-4,5-bisphosphate 3-kinase, SFK Src-fam-
ily kinase, SHP2 Src homology 2-containing protein tyrosine phos-
phatase 2, sIL-6R soluble IL-6R, SOCS3 suppressor of cytokine sign-
aling 3, STAT signal transducer and activator of transcription, Tyk2
Tyrosine kinase 2, Tyr759 tyrosine residue 759, YAP YES-associated
protein

The design of a fusion protein of the soluble extracel-
lular portion of gp130 with the constant portion of the
human immunoglobulin (Ig) G1 antibody led to new
insights into the IL-6 pathway. This molecule, termed
sgp130Fc, was shown to exclusively block IL-6 trans-
signaling without affecting classic signaling both in
human and animals [21]. Inhibition of trans-signaling with
sgp130Fc was shown to be effective in mouse models of
inflammatory bowel disease, RA, peritonitis, asthma, and
colon cancer [22-29]. Moreover, this blockade did not
compromise the immune response to infection in experi-
mental models of listeria infection and tuberculosis [30,
31]. Therefore, these data suggest that pro-inflammatory
effects of IL-6 occur via the trans-signaling pathway, while
anti-inflammatory activities, regenerative functions, and
protection against infections occur via classic signaling
(Fig. 1) [3]. The sgp130Fc protein (olamkicept) has suc-
cessfully passed phase I clinical trials and a phase II trial
is currently underway in patients with inflammatory bowel
disease [32] (ClinicalTrials.com identifier NCT(03235752).
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However, the product is not currently being evaluated in
RA.

4 |L-6 and Rheumatoid Arthritis

In patients with RA, elevated serum levels of both IL-6 and
IL-6R are found in serum and synovial fluid of affected
joints [33-35]. Moreover, IL-6 levels correlate with surro-
gate markers of disease activity such as rheumatoid factor,
erythrocyte sedimentation rate (ESR), and C-reactive pro-
tein (CRP) [36]. IL-6 levels have also been found to cor-
relate with disease manifestations, including the number of
inflamed joints and early morning stiffness. Patients treated
with disease-modifying antirheumatic drugs (DMARDs)
show decreases in IL-6 levels, which correlate with improve-
ments in the number of inflamed joints and morning stiffness
[37]. In animal models of RA, while mice bearing a gp130
mutation (which causes excess IL-6 signaling) develop RA-
like joint disease, IL-6 deficient mice are resistant to devel-
opment of collagen-induced or chronic autoimmune arthritis
[38—40]. Finally, the successful introduction of TCZ into the
treatment of RA has established the role of IL-6 signaling
in patients with RA.

IL-6 is important for coordination of the activity of the
innate and adaptive immune systems [41]. It regulates leuko-
cyte and T-cell differentiation, proliferation, trafficking, sur-
vival (control of apoptotic and anti-apoptotic factors), anti-
body production, and specificity (class switching, somatic
hypermutation). IL-6 has a pivotal role in the differentiation
of T-helper (Ty) cells and Ty17 cells, which are important in
inflammatory states including RA [42, 43]. In mice, trans-
forming growth factor (TGF)- induces the differentiation of
regulatory T (Tggg) cells, which are known to inhibit T-cell
activation. However, the combination of IL-6 and TGF-f3
induces Ty;17 differentiation [42]. In human T cells, it was
shown that sIL-6R in combination with IL-6 was more effec-
tive in the stimulation of Ty17 cells than IL-6 alone [44, 45].
Moreover, the anti-IL-6R antibody TCZ increases CD39%
Treg cells in mice models of arthritis as well as in patients
with RA; however, Tyy17 cells are not affected [46].

5 IL-6 Inhibition Versus IL-6 Receptor
Inhibition

The rationale for developing IL-6 inhibitors includes the fact
that there is less circulating cytokine versus receptor (100- to
1000-fold less), which was supported by linear pharmacoki-
netics, and lower drug load compared with the IL-6 receptor
antagonist observed in sirukumab (SRK) studies [34, 47]. In
contrast to steady-state mean serum SRK trough concentra-
tions (C ) of 0.99-11.63 pg/mL for the SRK treatment

trough
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groups in Part B of the study by Smolen et al., steady state
Cirough TCZ concentrations were 5.9 +6.3, 18.7+15.3, and
45.3 +22.2 pg/mL for 162 mg subcutaneous (SC) every
2 weeks, 8 mg/kg intravenous (IV) every 4 weeks, and
162 mg SC weekly doses from the SUMMACTA and BRE-
VACTA study data [48-51]. Another rationale for develop-
ing IL-6 inhibitors is the presence of IL-6 receptor gene pol-
ymorphisms, which was also supported by the observation
that variations in single nucleotide polymorphisms known
to impact the efficacy of TCZ do not impact the efficacy of
SRK [47, 52].

Up to now, blockade of IL-6 and IL-6R generally dis-
played similar effects; however, translation of basic knowl-
edge regarding the molecular mechanisms of the differences
between these two strategies reminds us about possible dif-
ferences we might face in terms of clinical situations. For
example, the human IL-6R serves also as the receptor for
ciliary neurotrophic factor (CNTF) and IL-30 (p28) [53, 54].
The binding of human CNTF to the respective IL-6R occurs
with an affinity roughly 50-fold lower compared with IL-6
[53]. CNTF is a neurotrophic cytokine that exerts neuropro-
tective effects in multiple sclerosis and amyotrophic lateral
sclerosis. Clinical application of human CNTF, however,
was prevented by high toxicity at higher dosages [55]. The
clinical side effects observed were cachexia, aseptic menin-
gitis, respiratory failure, and reactivation of viral infections.
It may be hypothesized that inhibition of IL-6 may lead to
overstimulation of IL-6R by CNTF and potentially associ-
ated adverse effects (AEs). However, functions of IL-30 have
yet to be elucidated in human cells. IL-30 is a cytokine subu-
nit of IL-27. Studies up to now showed both proinflamma-
tory and anti-inflammatroy effects in human cells [56, 57].
Petes et al. reported inhibition of IL-27- and IL-30-mediated
inflammatory responses by IL-6 in human monocytes [58].
They also demonstrated a role for sIL-6Ra and gp130 in
IL-30-mediated activity in human cells.

In contrast to T cells, only a small percentage of B cells
express IL-6Ra [30]. Zhang et al. demonstrated that in the
absence of IL-6Ra, IL-6 can induce STAT3 activation by
binding to CD5 in CD5" B cells [59]. They concluded that
their results raised the possibility that other cell types may
also use CDS5 to respond to IL-6, thereby contributing to
STAT3 activation.

Another interesting study showed differences with respect
to IL-6 versus IL-6R deficiency using a model of IL-6Ra-
deficient mice [60]. These animals share inflammatory defi-
cits seen in IL-6-deficient mice, but they did not display a
delay in wound healing. As a surprising finding, mice with
a combined deficit of IL-6 and IL-6R«, or IL-6-deficient
mice treated with an IL-6Ra—blocking Ab, demonstrated
improved wound healing relative to mice with sole IL-6
deficiency. Thus, inhibition of only IL-6 without inhibit-
ing IL-6R interferes with proper wound healing and may be
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associated with morbidity and mortality in IL-6 blockage.
These findings indicate that the IL-6 pathway may have a
more complicated mechanism than we suppose in regulating
autoimmune and inflammatory cascades.

Preliminary data also suggest a beneficial role of targeting
IL-6 cytokine for systemic complications associated with
RA, such as depression and cardiovascular disease (CVD)
[61]. Significant elevation of IL-6 levels in the plasma of
patients with depression, together with the shown higher
prevalence of depression in patients with RA, led to evalu-
ation of the efficacy of the IL-6 pathway targeting agents
on depressive symptoms of RA patients [62, 63]. In a post-
hoc analysis of the randomized phase II study, SRK signifi-
cantly improved the depressed mood and anhedonia symp-
toms of the RA patients independently of clinical response
[48, 64]. Of note, 25% of patients had these symptoms and
the response to therapy was significantly associated with
the baseline sIL-6R levels. In an analysis of 11 clinical and
preclinical studies, SRK seems to be a promising agent for
mood disorders that are possibly associated with inflamma-
tory markers [65]. Also, data from TCZ, SAR, and SRK
studies demonstrate improvement of pain, fatigue, and mood
[66]. However, we do not know whether this is associated
with suppression of inflammation in RA or with another
direct effect. An ongoing randomized, placebo-controlled,
double-blind phase II study (ClinicalTrials.com identifier
NCT02473289) is evaluating the efficacy and safety of SRK
as adjunctive treatment to monoaminergic antidepressants in
adult major depressive disorder patients with a suboptimal
response to standard therapy and increased levels of highly
sensitive CRP of > 0.3 mg/dL [67].

A human in-vitro model of RA-associated CVD was used
to evaluate the impact of various RA treatments (SRK, TCZ,
adalimumab [ADA] and tofacitinib) on vessel wall health
[68, 69]. Both SRK and TCZ dramatically decreased adhe-
sion molecule and nuclear factor-kB gene expression, while
simultaneously increasing vasculo-protective responses,
such as endothelial nitric oxide synthase and kriippel-like
factor expression, and promoting a contractile smooth mus-
cle cell phenotype. They potently suppressed inflammation
and promoted vascular health in this in-vitro model. ADA
was a less effective inhibitor of key CVD pathways, while
tofacitinib tended to exacerbate CVD pathways. The authors
concluded that IL-6 inhibition may provide more CVD ben-
efit compared with drugs targeting other pathways and stated
that although broadly comparable, SRK was slightly more
potent than TCZ in suppressing vascular inflammation or
promoting vascular health. However, this is highly specula-
tive, and it is not possible to differentiate TCZ from SRK
based on the available limited safety results.

In a phase I, randomized, double-blind, and placebo-
controlled study, SRK was tested in patients with cutane-
ous or systemic lupus erythematosus [70]. Treatment with

intravenous SRK infusions was generally well tolerated and
showed linear pharmacokinetics over the dose range stud-
ied. SRK suppressed CRP and serum amyloid A concentra-
tions until week 14. However, a multicenter, randomized,
double-blind, placebo-controlled phase II study in patients
with active lupus nephritis did not confirm efficacy [71]. The
median percent change in proteinuria from baseline to week
24 in SRK-treated patients was 0.0%. Of note, the study
raised safety concerns since 47.6% of SRK-treated patients
experienced one or more serious adverse event (SAE)
through week 40. Most of the SAEs were infection-related.
Moreover, five patients, all in the SRK treatment group, dis-
continued the study treatment due to adverse events.

6 Clinical Trials of Agents Targeting the IL-6
Pathway

Strategies of blockade for IL-6 pathway consisted of target-
ing IL-6R, IL-6, trans-signaling or intracellular signaling.

6.1 IL-6R Blocking
6.1.1 Tocilizumab

This section summarizes the pivotal trials with TCZ in
RA. TCZ binds to both the mIL-6R and sIL-6R. In one of
the first published studies (SAMURALI), Japanese patients
(n=306) with active RA were randomly assigned to either
the TCZ group (8 mg/kg IV, every 4 weeks) or conventional
DMARDs group [72]. The TCZ group showed significantly
less radiographic disease progression demonstrated by mean
total modified Sharp score (TSS). At week 52, the increase
in TSS score in the TCZ group (mean difference of 2.3)
was significantly lower than that in the DMARDs group
(mean difference of 6.1). Besides, the proportions of patients
achieving American College of Rheumatology 20%, 50%,
and 70% improvement (ACR20, ACR50, and ACR70) were
78, 64, and 44% in the TCZ group and 34, 13, and 6% in
DMARDs group, respectively (p <0.001 for each compari-
son). Adverse events were more common in the TCZ group
compared with the DMARDs group (89% vs 82%; sAEs 18%
vs 13%). Most common AEs in the TCZ group were infec-
tions and common laboratory abnormalities mostly related
to increase in lipid levels.

In another crucial study with TCZ (AMBITION), it
was shown for the first time that a biological DMARD
(bDMARD) in monotherapy is superior with respect to clini-
cal efficacy over MTX monotherapy in patients with RA for
whom previous treatment with MTX/biological agents had
not failed [73]. At week 24, TCZ displayed better efficacy
than MTX in terms of ACR20 response (69.9% vs 52.5%;
p<0.001), and Disease Activity Score in 28 joints (DAS28)
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remission rate (33.6% vs 12.1%). The incidence of SAEs
with TCZ was 3.8% vs 2.8% with MTX (p =0.50). Seri-
ous infections were reported by four patients in the TCZ
and two in the MTX group (1.4% vs 0.7%; p =0.422). A
higher incidence of reversible grade 3 neutropenia (3.1% vs
0.4%) and increased total cholesterol > 240 mg/dL (13.2%
vs 0.4%), and a lower incidence of alanine aminotransferase
(ALT) elevations > 3 X to < 5 X upper limit of normal (1.0%
vs 2.5%) were observed with TCZ compared with MTX.

In a double-blind, randomized, controlled trial (FUNC-
TION), MTX-naive patients with early progressive RA
were randomly assigned (1:1:1:1) to one of four treat-
ment groups: 4 mg/kg TCZ+MTX, 8 mg/kg TCZ+MTX,
8 mg/kg TCZ + placebo, and placebo+MTX [74]. Signifi-
cantly more patients receiving 8 mg/kg TCZ+MTX and
8 mg/kg TCZ + placebo than receiving placebo + MTX
achieved DAS28 remission at week 24 (45% and 39% vs
15%; p<0.0001). The 8 mg/kg TCZ+MTX group also
achieved significantly greater improvement in radiographic
disease progression and physical function at week 52 than
did patients treated with placebo+MTX. TCZ was effec-
tive in combination with MTX and as monotherapy for the
treatment of patients with early RA. Two-year results of
this study also showed maintenance of these clinical ben-
efits in early RA patients treated with TCZ monotherapy or
TCZ+MTX with no new safety signals [75].

To further prove a disease-modifying effect of IL-6R
antagonism, the large LITHE study enrolled 1196 patients
with moderate to severe RA who had inadequate responses
to MTX (MTX-IR). Patients were randomized to receive
TCZ (4 or 8 mg/kg, IV) or placebo every 4 weeks in com-
bination with MTX [76]. At week 52, mean change in the
Genant-modified Sharp score demonstrated significantly less
radiographic progression in the TCZ 8-mg/kg group com-
pared with placebo (0.29 vs 1.13; p <0.0001). TCZ 8- and
4-mg/kg groups showed improved physical function com-
pared with the placebo group, and proportions of patients
achieving ACR20, ACR50, and ACR70 as well as DAS28
remission were higher in those receiving TCZ 8 mg/kg than
in those receiving placebo (p <0.0001 for all comparisons).
The safety profile of TCZ was similar to the previous studies
showing infections as the most common AEs. Laboratory
abnormalities included elevated plasma lipid and hepatic
enzyme levels and reduced neutrophil counts. In the exten-
sion of this study over 5 years, TCZ+ MTX inhibited radio-
graphic progression and maintained improvements in signs
and symptoms and physical function in MTX-IR patients
with active disease without new safety signals [77].

Finally, the head-to-head study ADACTA was conducted
to compare the efficacy and safety of TCZ monotherapy ver-
sus ADA monotherapy for the treatment of MTX-IR RA
patients who had severe RA for more than 6 months [78]. A
total of 326 RA patients were randomly assigned to receive
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either TCZ (8 mg/kg IV every 4 weeks) or ADA (40 mg SC
every 2 weeks). Of note, mean DAS28 improvement was sig-
nificantly higher in the TCZ (— 3.3) than in the ADA group
(— 1.8) (difference — 1.5,95% CI — 1.8 to —1.1; p<0.0001)
from baseline to week 24, while safety findings were com-
parable between the treatment arms. Sixteen of 162 (10%)
patients in the ADA group versus 19 of 162 (12%) in the
TCZ group had sAEs. More patients in the TCZ group than
in the ADA group showed an increase in LDL-cholesterol,
ALT levels, as well as decreased platelet and neutrophil
counts.

6.1.2 Sarilumab

SAR, like TCZ, also binds to both the mIL-6R and sIL-6R.
However, SAR differs from TCZ in structure and affinity
[79]. SAR is the first fully human mAb against IL-6Ra and
showed 10- to 40-fold greater affinity to recombinant mono-
meric human and monkey IL-6R compared with TCZ in a
preclinical study [80]. The conducted phase II and phase
III trials demonstrated efficacy of SAR both in MTX-IR
and tumor necrosis factor inadequate responder (TNF-IR)-
active RA patients [81-84]. In addition, SAR monotherapy
demonstrated a clear superiority over ADA monotherapy in
patients with intolerance or inadequate response to MTX
[85]. Moreover, although displaying a significantly higher
affinity and longer half-life, SAR showed a similar safety
profile compared with TCZ [86]. Taken together, these
results led to approval of the compound for treatment of RA
by the European Medicines Agency (EMA) and US Food
and Drug Administration (FDA) in 2017.

6.1.3 ALX-0061

ALX-0061 (vobarilizumab) is a bispecific anti-IL-6R nano-
body engineered to have an extended half-life in vivo by
targeting human serum albumin, in combination with strong
target binding using a single anti-IL-6R building block. It
seems to modulate the IL-6 trans-signaling pathway rather
than the classical mIL-6R-dependent pathway. In fact, these
kinds of molecules are designed according to a new type
of immunoglobulin, which was initially discovered in the
serum of camels (Camelus dromedarius), consisting of only
heavy-chain dimers and called ‘heavy-chain-only antibod-
ies’ (HCAbs) [87]. They show excellent tissue distribution
and high temperature and pH stability. Recombinant HCAbs
are easy to produce and can be converted into different for-
mats such as Fc-fusion proteins or hetero-dimers [88]. Due
to their small size, these nanobodies have low toxicity and
immunogenicity in vivo, they show relatively high sequence
identity to human heavy chain variable domain VH, and are
rapidly cleared via the kidney [87, 89, 90]. Affinity of ALX-
0061 to sIL-6R is 2400-fold and to mIL-6R is 17-fold higher
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than TCZ. The data from a phase I/II study were promising
with ACR20 response rates up to 84% and DAS28 remis-
sion rates up to 58% [91]. In a phase IIb monotherapy study
(head-to-head vs TCZ) in 251 RA patients, vobarilizumab
demonstrated a high rate of clinical remission based on
DAS28-CRP in up to 41% of patients, as compared with
27% of patients with TCZ (ClinicalTrials.com identifier
NCT02287922) [92].

6.2 IL-6 Blocking
6.2.1 Siltuximab

Siltuximab is an anti-IL-6 chimeric IgG1x mAb that binds
to IL-6 with high affinity, thus neutralizing the cytokine bio-
activity and inhibiting B-cell proliferation [93-95]. Clinical
trials of siltuximab have demonstrated significant efficacy
and tolerance in patients with idiopathic MCD, leading to
FDA approval. In a systematic review of 171 cases of MCD
patients treated with siltuximab, while traditional treatment
methods were able to achieve a 5-year survival rate of only
55-77%, results of siltuximab treatment demonstrated 5-year
survival rates of nearly 96.4% (only two deaths reported out
of 55 patients with follow-up data) [96].

6.2.2 MEDI5117

A fully human mAb targeting IL-6, MEDI5117 has been
developed by variable domain engineering to achieve higher
affinity and improved half-life from the progenitor anti-IL-6
human mAb CAT6001 [97]. However, a phase I trial assess-
ing the safety and tolerability of MEDIS117 in RA patients
has been terminated due to difficulties with patient recruit-
ment (ClinicalTrials.com identifier NCT01559103) [98].

6.2.3 Clazakizumab

Clazakizumab (BMS945429; ALD518), another humanized
mAb, binds to circulating IL-6 cytokine rather than the IL-6
receptor, blocking both classic signaling and trans-signaling
[99]. In a study comparing the potential of clazakizumab and
tocilizumab with multiple in-vitro assays for IL-6-induced
functions, clazakizumab was between 3- and 120-fold more
potent than TCZ in vitro for inhibiting signaling, prolifera-
tion, activation, antibody production, and secretion of acute
phase protein [100]. In RA patients with an inadequate
response to MTX, clazakizumab treatment either as mono-
therapy or in combination with MTX was well tolerated and
associated with significant improvements in disease activity
compared with MTX therapy alone [101]. AEs and labo-
ratory abnormality profiles were consistent with the class
effect of IL-6 blockade. However, no clear dose-dependent

clinical effect was observed and phase III trials have not
been performed following phase II.

6.2.4 Olokizumab

Olokizumab (OKZ, CDP6038) is a humanized IgG4 mAb
specific for IL-6. It has been shown to be well tolerated in
healthy volunteers [102]. The bioavailability of the SC doses
ranged from 84.2 to 92.5% with a mean terminal half-life
of 31.5 days. Rapid decreases in CRP concentrations were
observed, without any dose dependency. In a dose-ranging,
double-blind study in RA patients with moderate-to-severe
disease activity who had previously failed anti-tumor
necrosis factor (anti-TNF) therapy, OKZ produced signifi-
cantly greater reductions in DAS28-CRP from baseline at
Week 12 compared with placebo. OKZ treatment, at sev-
eral doses, demonstrated similar efficacy and a comparable
safety profile to TCZ. Reported AEs were consistent with
class effect of IL-6 blockade [103]. In RA patients receiv-
ing MTX who had previously failed anti-TNF therapy, OKZ
treatment of both Western and Asian patients with moder-
ate to severe RA resulted in sustained and similar levels
of improvement across a range of patient-related outcomes
in both populations in the randomized controlled trial and
open label [103-105]. The drug is currently in phase III
with various key objectives and a long-term extension study
[106—109] (ClinicalTrials.com identifiers NCT02760433,
NCTO02760368, NCT02760407, NCT03120949). The
reported death rates from the open-label extension of two
studies, which enrolled Western and Asian RA patients who
had failed previous anti-TNF therapy, were 1.1% and 0%,
respectively [110-112].

6.2.5 Sirukumab

SRK is a human anti-IL-6 mAb that binds to IL-6 with
high affinity and specificity and prevents IL-6 from bind-
ing to both membranous and soluble forms of IL-6R. Of
note, SRK is an IgG1k mAb in contrast to olokizumab, an
IgG4 antibody. Since IgG4 antibodies have low affinity for
Fc-y-receptors and C1q compared with other IgG subclasses,
they have minimal ability to activate cells or initiate comple-
ment activation [113]. The structural differences of these
two drugs theoretically may lead to some variations in their
efficacy and safety.

In a randomized phase II study, the safety and efficacy
of SRK was evaluated in MTX-IR patients with active RA
[48]. The study consisted of two parts; in part A (proof of
concept), 36 patients with RA were randomized to SC pla-
cebo or SRK 100 mg every 2 weeks (q2w) through week
10, with crossover treatment during weeks 12-22. In part
B (dose finding), 151 patients with RA were randomized
to five arms, SC SRK (100 mg q2w, 100 mg g4w, 50 mg
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g4w, or 25 mg q4w) for 24 weeks, or placebo through week
10, with crossover to SRK 100 mg every 2 weeks during
weeks 12-24. SRK 100 mg every 2 weeks was associ-
ated with greater improvements in mean DAS28-CRP at
week 12 and the other primary efficacy outcome—ACRS50
response at week 12—was only achieved with SRK 100 mg
every 2 weeks. Changes in neutrophil and platelet counts,
transient elevations in ALT and an increase in lipid levels
were observed consistent with other IL-6 pathway target-
ing strategies. Through week 12, the incidence of AEs for
SRK was similar with placebo-treated patients. Infections
were the most common type of AE, however no opportun-
istic infections were reported. One death occurred in Part B
(SRK 100 mg g2w) unrelated to study drug (brain aneurysm
rupture).

Subsequently, SRK has also been investigated in five
phase III trials. These included patients with active RA
and at least one poor prognostic factor refractory to

DMARDs (including MTX or sulfasalazine) (ARA3001,
ARA3002), and patients with moderately to severely
active RA who were unresponsive or intolerant to anti-
TNF agents (ARA3003) [114-116]. SRK showed signifi-
cant improvements in RA symptoms along with inhibition
of structural damage progression and improvements in
quality of life in these studies. In addition, a head-to-head
study with ADA has been completed in biologically naive,
moderately to severely active RA patients for whom their
physicians have judged that MTX therapy would not be
appropriate (ARA3005) [117]. Patients treated with SRK
monotherapy showed greater improvements in DAS28
and similar ACR50 response rates compared with ADA
monotherapy. For patients who completed the ARA3002
and ARA3003, an extension study to evaluate the long-
term safety and efficacy of SRK in RA was performed
(ARA3004) [118]. Table 1 shows the phase II and phase
III studies of SRK in patients with RA.

Table 1 Phase II and phase III studies of sirukumab in patients with rheumatoid arthritis

Study (phase)  Key objectives Patients enrolled

Study design

C1377T04 (II)  Proof-of-concept

Dose finding

ARA3002 (III) Pivotal, DMARD-IR

ARA3003 (II1)

ARA3004 (III) Long-term extension

ARA3005 (IIT) Monotherapy
intolerant to MTX

MTX-IR

inappropriate for MTX treatment

ARA3001 (III) ~ Safety, monotherapy

(in Japan only) therapy

Patients with active RA despite MTX therapy

Patients with active RA despite DMARD therapy

Patients from studies ARA3002 and ARA3003
who consented to enrol in LTE

Biologic-naive patients with active RA who are

Patients with active RA despite MTX or SSZ

Two-part, phase II, multicenter, randomized,
double-blind, placebo-controlled study evaluat-
ing the efficacy and safety of multiple doses of
sirukumab in patients with active RA despite
MTX therapy

Phase III, multicenter, randomised, double-
blind, placebo-controlled, parallel-group study
evaluating the efficacy and safety of sirukumab
in patients with active RA despite DMARD
therapy

Pivotal, anti-TNFa-IR  Patients with active RA despite anti-TNFa therapy Phase III, multicenter, randomised, double-

blind, placebo-controlled, parallel-group study
evaluating the efficacy and safety of sirukumab
in patients with active RA despite anti-TNFa
therapy

Phase III, multicenter, parallel-group study
evaluating the long-term safety and efficacy of
sirukumab in patients with RA who completed
ARA3002 and ARA3003 studies

Phase III, multicenter, randomised, double-
blind, parallel-group, active comparator study
evaluating the superiority (in terms of efficacy)
of sirukumab monotherapy compared with
adalimumab monotherapy, along with safety,
physical function, pharmacokinetic properties,
and immunogenicity in biologic-naive patients
with active RA

Phase III, multicenter, randomised, double-blind,
placebo-controlled, parallel-group study evalu-
ating the efficacy and safety of sirukumab in
Japanese patients with active RA despite MTX
or SSZ therapy

DMARD disease-modifying anti-rheumatic drugs, /R inadequate responder, LTE long-term extension, M7X methotrexate, RA rtheumatoid arthri-

tis, SSZ sulfasalazine, TNF tumor necrosis factor
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7 Sirukumab—Mortality Rates

The clinical studies performed to date showed largely sim-
ilar clinical efficacy data for SRK compared with TCZ and
other IL-6 pathway targeting agents. Furthermore, the drug
safety profile seemed to be consistent with a class effect
showing similar adverse effects and laboratory abnormal-
ity profiles. However, death rates in SRK arms compared
with placebo, especially in the controlled period, raised
safety concerns, which led to the decision by the FDA to
decline the approval of SRK in August 2017.

The majority of the committee (11 to 2) did not agree
that the safety profile of SRK 50 mg SC every 4 weeks is
adequate to support the approval of SRK for the treatment
of adult patients with moderately to severely active RA
who have had an inadequate response or are intolerant to
one or more DMARDs [119]. The majority of the com-
mittee agreed that it is unclear whether the imbalance in
all-cause mortality is a true safety signal or whether it is
a result of bias due to the study design. The majority of
the committee also agreed that additional studies should
be conducted to further define the safety profile of SRK.
One committee member proposed that the sponsor should
find alternative methods to reanalyzing the data in addi-
tion to conducting more studies. One of the members who
voted ‘yes’ stated that SRK is no less safe than the other
approved biologics on the market. The majority agreed
that efficacy was clear but the safety data was lacking,
and a few members emphasized that SRK would be more
suitable for patients who have had an inadequate response
or are intolerant to one or more biologic DMARDs. These
members added that the benefit of this drug for this nar-
rower indication might outweigh the unknown safety risks,
especially for patients who have limited treatment options
left.

Most common causes of mortality were major cardio-
vascular events (MACE), infections, and malignancies.
In studies ARA3002 and ARA3003, one death occurred
in each treatment group through the 18-week placebo-
controlled period. Afterwards, an additional eight deaths
occurred in patients randomized to SRK 50 mg every
4 weeks (n=3) and in patients randomized to SRK 100 mg
every 2 weeks (n=>5) through 52 weeks of exposure. Up
until the summary of clinical safety (SCS) cutoff date (02
February 2016), a total of 29 deaths were reported from
studies ARA3002 and ARA3003, including additional
exposure periods during the ARA3004 long-term exten-
sion [120].

A single fatality was reported in the group that received
SRK 100 mg every 2 weeks in the ARA3005 study and an
additional eight deaths were reported until 29 July 2016
as the cutoff date for the 120-day safety update. Thus, the

mortality rates in the phase III study programs (ARA3001,
ARA3002, ARA3003, ARA3004, and ARA3005) to the
120-day safety update cutoff date were 0.68 and 0.71
deaths per 100 patient-years, respectively, in patients
receiving SRK 50 mg every 4 weeks and 100 mg every
2 weeks [121]. Additional deaths (one death under the
SRK 50 mg g4w group occurred during the safety update
period but lately reported after the 29 July 2016 cutoff,
four deaths in the phase III studies beyond the 16-week
follow-up after the last study dose and one death in the
phase II study [C1377T04]) have not been included in the
above incidence rates (Fig. 2).

Mortality rates determined by 6-month increments of
exposure to SRK showed no increase or dose effect in mor-
tality rates with prolonged exposure (Fig. 3) [122]. Moreo-
ver, the rates of events for the most common causes of
mortality (MACE, infections, and malignancies) remained
constant over time.

Of note, mortality rates in SRK-treated patients were
consistent with mortality rates previously reported in the
general RA population [123-125]. Also when compared
with other randomized clinical trials in RA populations,
mortality rates were similar. Regarding placebo-treated
patients, due to smaller cumulative follow-up periods with
placebo-treated patients, more variability was reported
across RA development programs (Fig. 4) [122].

The overall safety analysis showed an imbalance in
terms of death rates between placebo- and SRK-treated
patients; however, this observation is confounded, since
placebo subjects with a response of <20% in swollen
and tender joints also received the active drug from week
18 (ARA3002 and ARA3003) or 40 (ARA3002) “early
escape (EE) or late escape (LE)”. In the 18-week, true
placebo-controlled period, mortality rates were identical
in the placebo- and SRK-treated patients. Comparisons
after week 18 may be confounded by some factors, such
as different health status for patients remaining in the pla-
cebo group compared with switchers. Also, the ‘crossover’
design (all placebo-treated subjects in ARA3002 were re-
randomized at week 52 and all placebo-treated subjects
in ARA3003 were re-randomized at week 24) resulted in
various treatment groups with varying drug-exposure peri-
ods. From the statistical point of view, given the few num-
ber of events, an exposure-adjusted comparison is also not
fully reliable. On the other hand, although mortality rates
in SRK trials are consistent with previous RA studies and
RA cohorts, such inter-study comparisons must be inter-
preted with great caution. The limited placebo exposure
relative to SRK exposure makes interpretation of mortality
rates difficult. Thus, due to these methodical limitations,
no clear conclusion can be made with respect to the safety
profile and especially risk of death under SRK to date.
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Rate of Deaths per 100 Pt-Yrs
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Fig.2 Rate of deaths per 100 patient-years. Pbo-Controlled refers
to 18-week placebo-controlled periods of studies ARA3002 and
ARA3003, Week 52 refers to 18-week placebo-controlled period
as well as data beyond Week 18 and through Week 52 of stud-
ies ARA3002 and ARA3003 only, SCS Cutoftf refers to stud-
ies ARA3002 and ARA3003 and their long-term extension study
ARA3004 through the SCS Cutoff date of 02 February 2016, and
120-day Cutoff refers to all studies (ARA3001, ARA3002, ARA3003,
ARA3004, and ARA3005) through a cutoff date of 29 July 2016.
Beyond the 16-week safety follow-up window after the last dose of

study agent for all the phase III studies, four more deaths occurred:
two in ARA3002, one in ARA3003, and one in ARA3005. These
patients are not included in the figure. In addition, one death occurred
in the phase II study C1377T04. This patient is also not included in
the figure. [Reproduced from the FDA webpage showing an Arthri-
tis Advisory Committee Briefing Document by Janssen Research &
Development for Plivensia™ (sirukumab). The abbreviation for siru-
kumab has been changed from the original figure] [120]. PBO pla-
cebo, PY(Pt-Yrs) patient years, SRK sirukumab

- 4 (41.20)

b ] .

110

Fig.3 Analysis of mortal- 8 -
ity incidence rates over time.
Incidence rate (based on 100 »
subject-years of follow-up) of Q
deaths in 6-month incremental g = 6+
. oy (&)
periods with sirukumab treat- D 2
ment exposure time aligned to S5
Week O for early escape (EE), é," e
late escape (LE), and crossover =4 g 4 -
(CO) subjects; all subjects in §, §
phase III studies. [Reproduced %
from the EMA webpage show- § .o
ing the withdrawal assessment 3 ° 24
report for Plivensia™ (siruku- g I
mab)] [122] -
0
Weeks 0-26
Subjects 2926
Deaths 1"
Subject-years 14174
exposure

A\ Adis

26-52 52-78 78-104 104-130 130-156 156-182
Sirukumab Combined
2695 2074 1430 793 296 45
1" 3 2 1 1 0
12161 883.5 5446 263.6 71.4 73



Targeting IL-6 or IL-6 Receptor in RA

541

Summary of Exposure Adjusted Rate of Death
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Fig.4 Exposure-adjusted mortality rates from the SRK RCT program
and published rates from comparator RCT programs. Death rates in
the sirukumab program were compared indirectly against publicly
reported, exposure-adjusted mortality rates from development pro-
grams or large, randomized, controlled clinical trials of approved RA
therapies. The combined sirukumab mortality rate per 100 subject-
years of exposure of 0.66 (95% CI 0.44-0.95) in the long-term phase
III studies (i.e., ARA3001, ARA3002, ARA3003, and ARA3005,
as well as ARA3002 and ARA3003 subjects in ARA3004) and the
placebo mortality rate of 0.19 (95% CI 0.00-1.07) for the placebo-
controlled studies (ARA3002, ARA3003) were plotted beside the

exposure-adjusted mortality rates from the comparator programs and
trials. The mortality rate for both placebo- and sirukumab-treated
patients falls within the range for the mortality rates of other RCT
populations. The point estimate of the placebo rate is on the lower
end of the range of mortality rates reported for placebo groups in var-
ious clinical trials, albeit with wide 95% confidence intervals. [Repro-
duced from the EMA webpage showing withdrawal assessment report
for Plivensia™ (sirukumab)] [122]. IV intravenous, Pbo placebo,
PY(Pt-Yrs) patient years, RA rheumatoid arthritis, RCT randomized
controlled trials, SC subcutaneous, SRK sirukumab
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8 Concluding Remarks

In the last decade, the importance of this cytokine has risen
with the successful introduction of IL-6 inhibitors TCZ and
SAR for the treatment of rheumatoid arthritis. The high
potency and favorable efficacy/safety profile of these agents
encouraged investigation into targeting different points of
this pathway. In this context, on the basis of less circulating
cytokine versus receptor, polymorphisms in the IL-6 recep-
tor gene and the fact that the IL-6 receptor has additional
ligands such as CNTF and p28 led to the hypothesis that
IL-6 inhibition may have additional advantages over IL-6R
inhibition, such as lower drug load, longer half-life, and
more specific and efficacious responses.

However, no anti-IL6 antibody has been approved for RA
so far and some efficacy and safety results are inconsistent or
inconclusive. The currently available results imply that the
IL-6 pathway may be more complex than supposed and tar-
geting different points of this pathway may bring some risks
beyond estimated advantages. Currently, we do not know
whether the imbalance in mortality rates seen for SRK is a
true safety signal or a result of bias due to the study design.
Therefore, further long-term clinical data as well as basic
research is needed to allow a deeper insight into IL-6 signal-
ing as a crucial cytokine both in inflammation and regulation
of autoimmunity.
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