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Abstract: Recent advances in understanding the mechanism(s) of how IL-6 trans-signaling
regulates immune cell function and promotes inflammation in autoimmune arthritis are criti-
cally reviewed. Serum and/or synovial fluid (SF) IL-6 is markedly elevated in adult and juvenile
rheumatoid arthritis (RA), psoriatic arthritis (PsA), ankylosing spondylitis (AS) and osteoarthritis
(OA). IL-6, in concert with IL-17, determines the fate of CD4* lymphocytes and therefore
TH,, cell differentiation. IL-6 also plays a critical role in modulating B-lymphocyte activity.
The recognition that IL-6 frans-signaling regulates inflammation resulted in the development
of tocilizumab, a fully humanized monoclonal antibody that neutralizes the biological activity
of the IL-6-receptor (IL-6R). Significant clinical benefit was demonstrated as well as reduced
serum IL-6 levels with suppression of X-ray progression of disease in several clinical trials in
which juvenile or adult RA patients were treated with tocilizumab monotherapy or tocilizumab
plus methotrexate. However, levels of serum and/or SF IL-6 cytokine protein superfamily
members, adiponectin, oncostatin M, pre-B-cell colony enhancing factor/visfatin and leukemia
inhibitory factor are also elevated in RA. Additional studies will be required to determine if
anti-IL-6 frans-signaling inhibition strategies with tocilizumab or recombinant soluble IL-6R
reduce the level of these cytokines.

Keywords: interleukin-6, interleukin-6/interleukin-6 receptor/glycoprotein 130, JAK/STAT
pathway, SAP/MAPK pathway, osteoarthritis, rheumatoid arthritis

Introduction

Interleukin-6 (IL-6) is a pleiotypic pro-inflammatory cytokine that has been shown to
play a critical role in both the initiation and perpetuation of immunologic dysfunction
and inflammatory responses in various forms of autoimmune arthritis as well as other
inflammatory diseases of the gastrointestinal tract, heart and visual system.' Several
reviews of the published literature which focused on the relevant signal transduc-
tion pathways induced by IL-6 that lead to changes in immunologic status and in the
progression of inflammatory responses in these disorders all appeared in 2006.>° At
that time, these summaries of the relevant in vitro and ex vivo studies mainly attempted
to correlate IL-6 levels with disease activity in experimentally-induced animal models
of human rheumatoid arthritis (RA). Additionally, a critical evaluation was undertaken
regarding initial attempts to neutralize the IL-6 pathway in human arthritis. The results of
these studies identified the IL-6/IL-6 receptor (IL-6R)/glycoprotein130(gp130) pathway
as well as the existence of a soluble IL-6R (sIL-6R) form, later identified as the naturally
occurring inhibitor of IL-6-mediated trans-signaling events, as potential targets for inter-
vention in RA. In this regard, Nishimoto and Kishimoto® suggested that the commercial
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development of IL-6R neutralizing monoclonal antibodies
could be useful for suppressing IL-6-mediated frans-signaling
in order to dampen T-lymphocyte and B-lymphocyte-mediated
inflammatory responses in RA. Furthermore, Smolen and
Maini® indicated that biological drugs of this kind were also
likely to become invaluable for RA therapy when patients
became refractory or non-responsive to first-line medical
therapies employed in RA, including, non-steroidal anti-
inflammatory drugs and/or corticosteroids, disease-modifying
anti-rheumatic drugs (DMARDs) such as methotrexate,
hydroxchloroquine and sulfasalazine, biologic agents, such
as one of several commercially available anti-tumor necrosis
factor-o. (anti-TNF-a) monoclonal antibodies or TNF-o
fusion proteins, and anti-B-lymphocyte depletion therapies
exemplified by rituximab.

Since 2006 there have been significant advances in
our recognition and understanding of how basic cellular
and molecular mechanisms regulate and/or modulate the
IL-6/IL-6R/gp130 pathway. In fact, the importance of
IL-6-mediated frans-signaling in inflammatory diseases,
such as juvenile idiopathic and adult RA, Crohn’s disease and
Castleman’s disease resulted in the commercial development of
tocilizumab,>-* the first fully humanized anti-IL-6 monoclonal
antibody used for the medical therapy of these disorders.

This review provides some important background infor-
mation prior to, and including 2006, on the role of IL-6 trans-
signaling in inflammatory arthritis, but mainly focuses on the
most recent and relevant advances in this area of basic and
clinical research from 2007 to the present. A critical evalu-
ation of the results of experimental and clinical studies will
be provided and evidence presented as to why blockade of
IL-6-mediated trans-signaling can be employed to suppress
immune dysfunction and inflammation in arthritis.!'41¢ The
results of the most recent studies have also helped define
and identify additional novel targets where interventions
originally focused on the IL-6/IL-6R/gp130 pathway may
impact on the development and progression of arthritis and
related rheumatic disorders.!”%¢

IL-6/IL-6R/gp 130 pathway:
mechanisms of action

T-helper cell differentiation

The results of recent studies have elucidated the complex
components of cell fate determination that lead to the further
differentiation of T-helper cells (ie, CD4" cells) and the
formation of the Th17 T-lymphocyte subset lineage.”” Th17
cells had been previously shown to drive the progression of
autoimmune arthritis via their capacity to synthesize [L-17A/B,

IL-21 and IL-22.% Furthermore, in mice, differentiation
of the Th17 cell lineage showed that transforming growth
factor-p (TGF-B), IL-6, IL-21 and IL-23, activation of
the JAK/STAT pathway and retinoic acid-related orphan
receptor-y-at (ROR-y-at) had to work in conjunction with
each other to produce Th17 cells. Conversely, in mice,
T-lymphocyte cytokines such as IL-2, the anti-inflammatory
cytokine, IL-4, interferon-y (IFN-y) and IL-27 were shown
to inhibit Th17 cell differentiation. Adding to this level of
complexity, IL-2 in concert with TGF-B, could also induce
naive CD4* cells to become T-regulatory (Treg) cells, the
latter possessing the capacity to inhibit the progression of
autoimmune arthritis.?

It is clear from the results of recent studies®* that
several pro-inflammatory cytokines have been implicated in
various downstream cellular pathways leading to Th17 cell
fate determination. Additional evidence also indicated that
the IL-6 pathway played a key role in regulating many
IL-6-dependent cellular events that drive the progression of
arthritis and other autoimmune disorders.>***

The results of several studies have connected IL-6/IL-6R/
gp130 to Th17 cell development.” Nishihara et al** showed
that although IL-6 promoted Th17 cell differentiation in
mice, they could find no evidence for its role as a driver of
T, cell development. Thus, mouse CD4* cells with a mutated
gp130 subunit could not activate Stat3. Furthermore, under
these conditions, neither Th17 cells nor ROR-y-at were
produced. This result suggested that an intact IL-6/IL-6R/
gp130 complex was required for the development of Th17
cells. However, the number and percentage of T, cells was
the same whether mutated gp130 or wild-type gp130 mice
were analyzed indicating that an intact IL-6/IL-6R/gp130
complex was not absolutely essential for producing T, cells.
Interestingly, engagement of the IL-6/IL-6R/gp130 complex
in vitro suppressed T, cells development. Finally, Maitra
et al’¢ recently showed that IL-1 receptor associated kinase
(IRAK-1) modulated the differentiation of murine Th17 to
produce T, cells. Following the stimulation of CD4" cells
derived from IRAK-1 null mice with T-cell receptor (TCR)
agonists and TGF-P these cells produced elevated levels of
the transcription factor, nuclear factor of activated T-cells,
cytoplasmic, calcineurin-dependent2 (NFATc2) as well as
increased NFATc2/Smad3 interaction. This latter finding
correlated with the increased expression of FoxP3, a marker
for T, cell formation. By contrast, stimulation of CD4*
cells from IRAK-1 null mice with TCR agonists, IL-6 and
TGF-P resulted in a reduction in Stat3 activation, which
was accompanied by a reduction in IL-17 and ROR-y-at
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production compared to wild-type CD4" cells. Consequently,
IRAK-1 deletion in mice apparently resulted in the reduced
synthesis of IL-17 accompanied by a dampening of inflam-
matory responses.

IL-17: role in animal models of arthritis
IL-6/IL-6R/gp130 also appears to plays a critical role in
experimentally-induced autoimmune arthritis pathogen-
esis via its capacity to stimulate IL-17 production. Thus,
Fujomoto et al*’ showed that DBA/1 mice with collagen-
induced arthritis (CIA) had an increased frequency of Th17
cells, but not TH, cells. Furthermore, blockade with an
anti-IL-6R monoclonal antibody markedly suppressed the
number of Th17 cells as well as the development of CIA, but
treatment with anti-TNF receptor antibody failed to achieve
this result. A more recent study by Lee et al*® then showed that
IL-17 actually exacerbated CIA severity which was accom-
panied by the increased expression of Toll-Like Receptors
(TLRs)-2, -4 and -9 as well as increased production of
IL-6, IL-1B, IL-17 and TNF-o.. Of note, IL-17 increased the
expression of TLR-2, -4 and -9 in cultured synoviocytes from
mice with CIA and this effect could be effectively neutralized
by antibodies directed against IL-17, IL-1f or IL-6. These
results also indicated that IL-17 worsened experimentally-
induced murine CIA by enhancing the expression of TLRs
and further implicated IL-17 in arthritis progression via its
capacity to augment IL-1f and IL-6 production through TLR
activation. Thus, enhanced TLR expression in response to
IL-17 represents a novel feedback loop at the level of the
synoviocyte wherein elevated IL-1p and IL-6 expression
produced under these conditions promote TLR-induced
inflammatory responses which continuously drive the
progression and severity of experimental arthritis.

Ospelt et al** showed that synovial tissue samples from
RA patients had higher TLR-3 and -4 levels at an early stage
of arthritis that were sustained at high levels in RA patients
with longstanding disease. Furthermore, normal synovial
fibroblasts expressed TLRs 1-6, but not TLRs 7-10. TLR-3
and TLR-4 were the most abundantly expressed TLRs in
RA-synovial fibroblasts (RA-SF) and RA-SF responded
to TLR ligands, Thus, TLR stimulation of RA-SF with
the TLR-3 ligand poly (I-C) resulted in elevated levels
of IL-6 and well as matrix metalloproteinase-3 (MMP-3;
stromelysin-1) and MMP-13 (collagenase-3). As noted, skin
fibroblast cultures were not altered by poly (I-C).*

Palmer et al*® determined that the Tec kinase, Bruton’s
tyrosine kinase (Bmx) which has been previously implicated
as a critical signaling kinase in regulating T-lymphocyte

activation, natural killer cell activity, autoimmune responses
and development of leukemia*' was the regulator of TLR-4-
induced IL-6 synthesis in macrophages where increased IL-6
synthesis was p38 kinase and NF-kB-independent. Of note,
LPS also stimulated Bmx in synoviocytes isolated from RA
synovial tissue which resulted in up-regulation of IL-6 and
vascular endothelial growth factor (VEGF) gene expression.*
Hashizume et al** showed that RANK ligand (RANKL),
a promoter of osteoclast differentiation was induced by IL-6
and sIL-6R, but not by IL-6 alone, in RA fibroblast-like
synoviocytes (RA-FLS). Neither IL-17 nor TNF-o alone
induced the expression of RANKL. However, TNF-o., IL-17,
IL-1f stimulated the proliferation of RA-FLS and induced
IL-6 gene expression as well as inducing activation of Stat3
and ERK 1/2.

The results of these recent studies®**° suggested two novel
perspectives for the role of the IL-6/IL6R/gp130 pathway
in autoimmune arthritis. One avenue to pursue further is
the apparent strong link between enhanced TLR expression
as a consequence of the development of autoimmune arthritis
and the elevated production of IL-6 accompanied by MMP
gene upregulation. Another is the relationship between IL-6
and sIL6R in driving the activation of the JAK/STAT path-
way, which may be amenable to the action of small molecule
JAK inhibitors."

Effect on IL-6 on SAP/MAPK signaling

The now classical study from the Firestein laboratory by
Inoue et al* convincingly linked pro-inflammatory cytokine-
mediated activation of stress-activated/mitogen-activated
protein kinases (SAP/MAPKs) and, p38 kinase in particular,
to several cellular events generally associated with arthritis
pathophysiology. In that regard, IL-1B-induced IL-8, IL-6
and MMP-3 production by RA-FLS was significantly sup-
pressed by transfecting the cells with dominant-negative
mutations of mitogen-kinase-kinase-3/6 (MKK-3)/MKK-6,
both of which are generally required for the full activation
of p38 kinase.* Of importance, activation of p38 kinase as
well as the activation of two other SAP/MAPK members,
namely, ERK 1/2 and JNK were also associated with the
activation of the transcription factor, NF-xB.*¢ In a follow-up
study, Inoue et al*’ showed that TNF-q. activated p38 kinase
by wild-type synovial fibroblasts ex vivo, but not by syno-
vial fibroblasts isolated from MKK3~~ transgenic mice.
Additionally, IL-1B and IL-6 levels were markedly lower
in the MKK3~~ transgenic mice. Importantly, this study
showed that TNF-o-induced IL-6 production was NF-xB-
dependent. These results of these in vitro were extended by
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employing 2 animal models of arthritis; the passive transfer
of arthritic K/BxN serum model and rodent arthritis produced
by administration of lipopolysaccharide (LPS). The results
of the ex vivo studies were sustained in the K/BxN arthritic
MKK3~~ transgenic mice, but not in MKK3~~ transgenic
mice administered LPS, wherein IL-6 production was
similar in MKK3~~ transgenic mice as compared to wild-
type mice. More recently, Yoshizawa et al*® from the same
research group compared the development of inflammatory
arthritis by wild-type mice with the development of arthritis
in MKK67~ and MKK3~~ transgenic mice administered
serum from K/BxN mice. Arthritis scores were significantly
lower in MKK 6™~ mice compared to their wild-type counter-
parts as was IL-6 and MMP-3 levels measured in articular
tissues. Interestingly, activated p38 levels were only modestly
decreased in arthritic MKK 6~ mice, but activated p38 levels
were significantly higher than were found in the arthritic
MKK3~" mice. Of note, the activity of the further upstream
kinase, MK2 was low in both MKK 67~ and MKK3~~ mice.
These results indicated that a deficiency in MKK6 resulted
in suppression of murine arthritis induced by passive transfer
of arthritic K/BxN serum. Further, these results showed that
the reduced severity of arthritis in MKK67 mice was accom-
panied by lowered levels of IL-6 and MMP-3 suggesting that
the IL-6/MMP-3 relationship established previously in vitro
with human synoviocytes* appeared to be sustained in whole
animal studies as well.

Role of IL-6 in NF-kB activation

Previous studies linked IL-1B-mediated activation of p38,
ERK 1/2 and JNK to the activation of NF-kB.** In this
regard, epigallocatechin-3-gallate (EGCG), a strong inhibi-
tor of JNK activation in cultured human chondrocytes, also
inhibited NF-xB activation.®® Now, Ahmed et al*! have shown
that treatment of arthritic rats with EGCG also resulted in
the suppression of IL-6, membrane-bound gp130 protein and
MMP-2 (ie, 72 kDa gelatinase) levels that were measured
in joint homogenates. The reduction in the levels of these
3 biomarkers was accompanied by a reduction in the severity
of arthritis. By contrast, the level of soluble pg130 (spg130)
was increased after treatment with EGCG. However, the
cellular mechanism accounting for the capacity of EGCG
to stimulate spg130 in vivo and its role in suppressing 1L-6
and MMP-2 needs to be further clarified.

Bradykinin, a potent mediator of inflammation in RA also
induced IL-6 production by human RA-SF in vitro. Of note,
the bradykinin effect on IL-6 synthesis by RA-SF could be
attenuated by treatment with small molecule inhibitors of

phospholipase C, PKC3, NF-«B, IkB or an NF-kB inhibitor
peptide.®
[(IR)-3-methyl-1[[(2S)-1-0x0-3-phenyl-2-pyrazinylcar-
bonyl) amino] propyl] amino] butyl] boronic acid (ie, bort-
ezomib), an inhibitor of NF-xB activation and proteasome
activity>® was recently shown to significantly attenuate CIA
in DBA/1 mice.>* The reduced severity of arthritis produced
by bortezomib, as measured by a decrease in the level of joint
destruction, was accompanied by a decrement in TNF-o.,
IL-1B, IL-6, MMP-3, COX-2 and iNOS. No adverse effects of
bortezomib on blood cells, kidney or liver were detected.

Potential important role of IL-6

in B-lymphocyte activation

Activated RA synovial tissue is principally defined by its
hyperplasia. Under these conditions, the normally quiescent
synovial fibroblast becomes an activated cell through the
capacity of pro-inflammatory cytokines to induce a robust
synovial fibroblast proliferative response accompanied by
apoptosis resistance.’ Additionally the synovial membrane
becomes extensively infiltrated with mast cells, neutro-
phils, macrophages and T- and B-lymphocytes, the latter
which spatially re-organize the structure of synovial tissue
to produce germinal centers.?®%® A key step in the forma-
tion of germinal centers is that B-lymphocytes ‘revise’ the
structure of their surface receptors which is stimulated by
the up-regulation of recombinant activating genes-1, -2
(RAG-1, -2). Thus, RAG-1, -2 reinitiate immunoglobulin
gene recombination and modify B-lymphocyte antigen
recognition and responsiveness.”’ In this regard, secondary
VDI rearrangements and abundant RAG protein levels
were detected in RA synovial tissue. It is also noteworthy
that Rochas et al*® showed that RA-FLS, but not OA- FLS,
induced B-lymphocytes to re-express RAG mRNA and
RAG proteins in vitro. Further, transmembrane B-cell acti-
vating factor (BAFF),>*® a member of the TNF-o. protein
superfamily, must be available to provide the initial signal for
RAG protein expression. Most importantly, blockade of IL-6R
suppressed RAG gene expression by B-lymphocytes induced
by RA FLS.*® This result suggested that at least two signals,
one involving BAFF and the other requiring activation of the
IL-6/IL-6R/gp130 pathway were essential for RA synovial
tissue to induce RAG protein expression by B-lymphocytes.
The role of BAFF in CD5* B-1 lymphocyte activation was
also studied by Ng et al®! in BAFF null and BAFF receptor
(BAFF-R) null mice which have a normal complement of B-1
cells. Treatment of B-1 cells with BAFF increased NF-kB
processing and CD21/CD23 expression, the latter being
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a strong indicator of B-lymphocyte maturation. Furthermore,
TLR engagement of B-1 cells augmented BAFF-R expres-
sion and stimulation of BAFF-R resulted in elevated levels of
IL-6 and the anti-inflammatory cytokine, IL-10. Ultimately,
it may be the relative ratio of IL-6 to IL-10 in response to
BAFF-R activation that augments or suppresses inflamma-
tion in these mice.

BAFF antagonists (eg, A-623 and BR3-Fc) as well as
inhibitors of ‘a proliferating-inducing ligand’ (APRIL),
a molecule homologous to BAFF, have been studied in
arthritis animal models®® as well as in some clinical
trials,* the latter being considered for possible future use in
the treatment of autoimmune arthritis. Thus, BAFF/APRIL
antagonists are likely to be involved in the elimination of auto-
reactive B-lymphocytes®® and inhibition of the BAFF/APRIL
pathway may also be useful to probe the relationship between
BAFF/APRIL-stimulated B-lymphocyte survival and BAFF/
APRIL activation of the IL-6/IL-6R/gp130 pathway.

IL-6 protein family members

Adiponectin (APN), oncostatin M (OSM) and pre-B-cell
colony enhancing factor (PBEF), also known as visfatin, are
three members of the IL-6 protein superfamily which were
recently proposed to play significant roles in autoimmune
arthritis.

APN

Among the 3 IL-6-like proteins, APN, OSM and PBEF,
only APN was shown to be highly selective in its capacity
to induce IL-6 and MMP-1 synthesis in human synovial
fibroblasts in vitro.®> Induction of IL-6 and MMP-1 required
p38 kinase activity. Importantly, the effect of APN could be
ablated by anti-TNF receptor blockade. Additionally, Haugen
and Drevon® used the macrophage cell line U937 to show
that physiologic concentrations of globular APN induced
NF-xB activation and further, that APN was more potent in
this regard, than leptin, resistin or IL-6. Interestingly, NF-xB
activation by globular APN was not affected by neutralizing
antibodies reactive with TLR 4 or TNF receptors 1 and 2,
but NF-xB activation was suppressed by inhibitors of p38
kinase, PI3K and PKC activity, once again indicating that
a considerable level ‘cross-talk’ occurs between three
signaling pathways, all of which appear to be required
for the effect of globular APN on NF-kB activation. Tang
et al®” using RA- FLS, instead of a macrophage cell line,
confirmed that APN activated p38 kinase, but also showed
that S’AMP-activated protein kinase was phosphorylated in
these cells after treatment with APN. However, in this study,®’

APN stimulated IL-6 synthesis which was dependent on
the activation of NF-xB. Thus, in RA-FLS, APN activated
IkB kinase-0/p (ie, APN stimulated the phosphorylation
of IxB-o and also IkB- degradation), phosphorylation of
the p65 subunit of the NF-kB complex at Ser’® as well as
nuclear translocation of the p65 and p50 NF-kB subunits.
APN-stimulated IL-6 and NF-kB activation could be inhib-
ited by the p38 kinase SMI, SB203580 or by an APN receptor
(ie, AdipoR1) siRNA which indicated that APN induced
IL-6 synthesis in RA-FLS by interacting with AdipoR1 with
resultant downstream p38 kinase activation. Lee et al®® also
studied the role of APN in inducing IL-6 in human RA-FLS
but also extended studies of APN in the aforementioned
in vitro studies®>*’ when they asked if APN was involved in
altering the severity of CIA in DBA/1 mice? APN was shown
to suppress arthritis severity in DBA/1 mice. The effect of
APN on reducing the severity of CIA was accompanied by
a significant decrease in TNF-c, IL-13 and MMP-3 gene
expression, but not IL-6 gene expression. The same results
were obtained when RA-FLS were incubated with APN.
APN reduced TNF-o, IL-1 and MMP-3 gene expression,
but increased IL-6 expression in IL-1B-stimulated cells.
Taken together, these results®® suggested that APN could be
considered a potential anti-arthritis cytokine because it could
attenuate the severity of CIA. However, the role of APN as a
modifier of IL-6 production in RA and how regulating IL-6
alters arthritis severity in CIA requires additional study.

OSM

A recent review of the literature has recognized the
important role that OSM plays in the pathogenesis and
progression of RA and OA.® However, the specific func-
tions of OSM occurring during an inflammatory challenge
remains uncertain. In order to provide additional insight
into the putative role played by OSM in inflammation,
Hams et al’”® employed IL-6-deficient, OSM receptor-3
(OSM-Rp)-deficient knockout (KO) mice and their wild-
type counterparts to determine the role of OSM in modu-
lating cytokine-mediated recruitment of leukocytes in an
acute peritoneal model of inflammation. Interestingly,
OSM-RB-KO mice showed enhanced monocyte trafficking
compared to IL-6-deficient or wild-type mice. However, in
contrast to IL-6 null mice, OSM-R KO mice showed no
differences in the level of neutrophil or lymphocyte migra-
tion into the inflamed peritoneum. A follow-up analysis using
human peritoneal mesothelial cells then identified OSM as a
potentially important regulator of the CCL5 chemokine gene
expression. In that regard, OSM inhibited IL-1p-mediated
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NF-xB activation and CCL5 gene expression. These results
indicated that IL-6 and OSM can act as separately-active
pro-inflammatory cytokines to influence the level and profile
of inflammatory cell migration and chemokine production.
Furthermore, these results suggested that neutralizing IL-6/
IL-6R/gp130 pathway activation may not have significant
effects on OSM/OSMR -mediated events.

PBEF

PBEF, also known as visfatin, is a highly evolutionarily
conserved 52 kDa protein that has been implicated in the
regulation of cellular energy and in modulating innate
immunity. However, its role in inflammation appears to be
particularly related to its capacity to induce TNF-a., IL-1[3
and IL-6 gene expression.”! In that regard, Nowell et al”? used
cDNAs produced from human RA-FLS to determine which
if any of several pro-inflammatory cytokines were altered
by treatment with PBEF. They also employed wild-type
and IL-6-deficient mice with AIA to see if PBEF altered
the severity of arthritis. IL-6 trans-signaling was shown to
regulate PBEF expression that was dependent on the acti-
vation of Stat3. OSM was also shown to upregulate PBEF
expression which did not occur with leukemia inhibitory
factor (LIF) or IL-11-treated cells. In AIA, synovial tissue
expression of PBEF was increased 4-fold. The 4-fold increase
in PBEF expression was not seen in IL-6 KO mice with ATA
where inflammatory infiltrates were also reduced as was the
presence of activated Stat3. An analysis of human synovial
tissue from this study showed that PBEF was significantly
elevated in RA compared to OA synovial tissue. In RA
synovium, PBEF was immunolocalized to the apical surface
of synovial membrane cells, endothelial cells, adipocytes and
lymphoid aggregates. A more recent study also employing
RA-FLS showed that PBEF activated NF-kB and activator
of protein-1 (AP-1) along with IL-6, IL-8, MMP-1 and
MMP-3.7 This result was confirmed by the fact that knock-
down of PBEF gene expression in RA-FLS significantly
inhibited basal and TLR ligand-induced synthesis of IL-6,
IL-8, MMP-1 and MMP-3.

Serum amyloid A

Amyloid A is an acute phase reactant protein produced
principally in the liver. Serum amyloid A (SAA) is often
employed as one of several surrogate markers of inflam-
mation in autoimmune arthritis.” Koga et al” showed that
recombinant SAA stimulated IL-6 production by RA-FLS
which also required activation of p38 kinase, the p46/p52
isoforms of JNK and NF-kB.

What additional mechanisms have
been revealed by IL-6 blockade in
recently conducted experimental
studies in animal models of RA?
Tocilizumab: amelioration of CIA

in non-human primates

Recent studies have been conducted in non-human primate
models of CIA where relevant cellular immune mechanisms
that are disrupted by blockade of the IL-6/IL6R/gp130 path-
way with tocilizumab can be further explored. Uchiyama
et al’® showed that the development of CIA in female cyno-
molgus monkeys was suppressed after administration of
tocilizumab 4 weeks after the onset of arthritis. The reduc-
tion in arthritis severity was accompanied by a significant
decrease in joint swelling as well as in the level of neutrophils
infiltrating the arthritic joints. Of note, anti-tocilizumab
antibodies were not detected during the treatment period.
Kato et al”’ focused on the extent to which tocilizumab could
alter RANKL and osteoclast differentiation in primate CIA.
Tocilizumab suppressed osteoclast development in vivo.
In situ, a monolayer of immature osteoclast/stromal was
observed in the tocilizumab-treated monkeys with CIA,
whereas in non-tocilizumab-treated animals the cells were
multi-layered and resembled differentiated osteoclasts. The
suppression of osteoclast differentiation by tocilizumab
in vivo was accompanied by a decrement in RANKL which
was produced at high levels in the control group as well as
a reduction in the amount of interstitial fluid and reticulum
fibers in hemopoietic bone marrow. These data indicated that
blockade of IL-6/IL-6R by tocilizumab in primate CIA sup-
pressed subchondral bone resorption and the disruption of
bone marrow structure both of which are hallmarks of bone
destruction in chronic human RA.

Potential novel mechanisms revealed
for the role of IL-6 in experimentally

induced rodent arthritis

Either the antibody specific for glucose-6-phosphate
isomerase (G6PI) found in the serum of K/BxN arthritic mice,
or G6PI itself, can be successfully employed to induce acute
arthritis in DBA/1 mice where chronic joint deformation is
self-limiting.” However, up until recently, the role of IL-6 in
G6PI-induced arthritis was unknown. Now, Matsumoto et al”
has shown that the levels of TNF-o. and IFN-y were elevated
compared to IL-2 and IL-6 in splenocytes derived from mice
with G6PI-induced arthritis. Interestingly, a single injection of
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combined therapy with anti-TNF-o and anti-IL-6 antibodies
together with 2 injections of anti-cytotoxic T-lymphocyte
antigen-4-Ig (CTLA-4-Ig) reduced the severity of arthritis,
whereas injections of anti-IFN-y and anti-IL-12 did not.
In fact, injections with the latter antibody combination
appeared to exacerbate arthritis. Of note, the therapeutic
efficacy of the anti-TNF/anti-IL-6/anti-CTLA-4-Ig regimen
correlated with reduced levels of anti-G6PI antibodies.
Although no mice with G6PI-induced arthritis was treated
with anti-IL-6 antibodies alone, the results of the combined
anti-TNF-o/anti-IL-6/anti-CTLA-4-1g treatment regimen
suggested that, at the very least, more than one receptor-
mediated signaling pathway was needed to neutralize and
suppress G6PI-induced murine arthritis. By contrast, the
IFN-y pathway appeared to be relegated to a position of
regulator of G6PI-induced arthritis progression rather than
G6PI-induction. To further address the role of IFN-v, IL-6R
as well as IL-17 in G6PI-induced arthritis, Iwanami et al®
treated DBA/1 mice with G6PI-induced arthritis separately
with specific monoclonal antibodies reactive against each
cytokine. Administration of anti-IL-6 (ie, monoclonal anti-
body MR16-1) alone on day zero or day 3 ameliorated the
induction of arthritis whereas administration of MR16-1
on day 8, suppressed existing arthritis. A similar result was
obtained with anti-IL-17 administration on day 7, but not
on day 14. Administration of anti-IFN-y worsened arthritis.
MR16-1 therapy alone inhibited Th17 differentiation but did
not alter Th1, Th2 or T, cell levels. MR16-1 also suppressed
CD4* cell proliferation. These results further supported the
view that the early effector phase of G6PI-induced murine
arthritis development was dependent on IL-6R and IL-17.
The role of IL-6 and Th17 responses as well as their effects
on modulating chemokine and chemokine receptor levels
was also studied in CIA mice using a novel water-soluble
immunosuppressive agent, 1-(12p-dihydroartemisinoxy)-
2-hydroxy-3-tert-butylaminopropane (SM905).8! SM905
delivered orally before or after the onset of CIA in DBA/1
mice suppressed the incidence and severity of arthritis which
was accompanied by a reduction in the level of inflamma-
tion, as well as lower pro-inflammatory cytokine, chemokine
and chemokine receptor levels in draining lymph nodes.
In support of this latter finding, anti-IL6 R blockade with
tocilizumab was recently shown to reduce the synthesis of
the monocyte chemotactic protein-/, (MCP-1/CCL2) and
IL-8/CXCL8 chemokines by the macrophage-like U937 cell
line that were treated with IL-6 or IL-6 and sIL-6R.*? Further-
more, the adhesion of U937 to human umbilical vessel endo-
thelial cells (HUVEC) was increased when HUVEC were

pre-treated with IL-6 and sIL-6R. The increased adhesion
of U937A to HUVEC adhesion could be prevented by anti-
intercellular adhesion molecule-//CD54 and tocilizumab,
but not by anti-vascular cell adhesion molecule-//CD106
or anti-E-selectin.

Of note, cell culture studies conducted ex vivo from
mice with CIA with or without SM905 showed that type II-
collagen-induced T-lymphocyte proliferation and the produc-
tion of IL-17A and ROR-y-at were significantly suppressed
in mice with CIA treated with SM905, as was the synthesis
of IL-6.%! The results of this study supported the view that
amelioration of CIA could be accomplished only by reducing
the levels of both Th17 and IL-6.

Antigen-induced arthritis (AIA) in rodents is dependent
on the activation of CD4* T-lymphocytes, but not on the
activity of CD8" lymphocytes or B-lymphocytes. Wong
et al®® showed that IL-6 null mice had less severe arthritis
and had fewer numbers of osteoclasts at the sites of bone
erosions observed in wild-type mice. By contrast, OSM-R
null mice had significant arthritis which was similar to that
seen in TNF-a and IL-11 null mice. As expected, TNF-o
blockade suppressed AIA in wild-type mice. T-lymphocytes
from IL-6 null mice produced less IL-17 and RANKL relative
to osteoprotegerin and generated fewer osteoclasts than that
seen in either wild-type or TNF-o-deficient mice. The results
from this analysis again emphasized the close association
between IL-6-induced inflammatory responses in mice, IL-17
levels and the degree of osteoclastogenesis that contributes
to murine arthritis pathophysiology.

High mobility group box chromosomal proteinl (HMGBI1),
also named amphoterin, is a 30 kDa nuclear protein which is
loosely bound to DNA and stabilizes nucleosome formation
while also regulating transcription. HMBG1 also interacts
with TLR-2 or TLR-4 which may account for its role as a pro-
inflammatory mediator.* In some cases, it has been shown that
HMGBI behaves as if it were a pro-inflammatory cytokine.
In that regard, HMBGT1 has been proposed to contribute to
the pathogenesis of autoimmune arthritis by facilitating not
only Mac-1/CD11b/CD18-dependent neutrophil recruit-
ment and migration of neutrophils to sites of inflammation®
but also by being released from immune cells in response
to TNF-o.%” To further explore the relationship between
HMGBI, TNF-o and their potential effects on IL-6-mediated
synovitis, Pullerits et al®’ compared the incidence and
severity of arthritis in TNF-oo KO and TNF-ot"* mice that
received an intra-articular injection of recombinant HMGB1
(rhHMGBI1). Administration of hHMGBI resulted in only
32% to 39% of the TNF-o. KO mice developing arthritis.
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Moreover, there were no differences in either arthritis
incidence or severity induced by HMBG1 between mice
with normal TNF-o, and TNF-o-deficient mice. Further, no
differences could be detected in the production of IL-6 by
splenocytes isolated from either mouse group. However,
after stimulation with thHMGBI1 ex vivo, the splenocytes
from TNF-o"* mice released significantly more IL-6 than the
splenocytes from TNF-oo KO mice. These results suggested
that HMBG1 could induce arthritis independent of TNF-o. and
that IL-6 released from splenocytes in response to thHMBG1
in vitro may provide a novel pathway for exploring the role of
HMBGI in the promotion of inflammation associated with
progression of arthritis. However, additional in vivo data using
well-validated murine arthritis models must be studied to
validate this putative HMBG1/IL-6 relationship.

Several additional mechanisms involving IL-6/IL-6R
may be amenable to intervention in experimentally-induced
arthritis. For example, Milici et al*® showed that CP-690550,
a Jak3 SMI, and a key enzyme involved in IL-6, IL-2, IL-7,
IL-15 and IL-21-mediated signaling' decreased the severity
of CIA and AIA by suppressing the recruitment of inflam-
matory cells into the synovial joint, thus limiting damage
to cartilage and bone. In another study, mice were bred
that were deficient in subunit gp130 function by virtue of a
point mutation in Tyr™’ (ie, gp130F759 mice). Tsuji et al®
analyzed the development of CIA in gp130F759 mice with
a DBA/1J background (ie, D/J.gp130F759). The arthritis
in D/J.gp130F759 mice was more severe with greater bone
destruction compared to control mice with normal gp130
function. Thus, following collagen II immunization, sple-
nomegaly, serum rheumatoid factor and anti-DNA antibody
titers were elevated In D/J.gp130F759 mice. Of note, elevated
levels of IL-12 and platelet-derived growth factor were also
detected prior to collagen immunization, but increased levels
of INF-y, IL-17, TNF-a, IL-9 and macrophage inflammatory
protein-1B were found only after collagen immunization.
These results indicated that the gp130 F759 mutation was
the cause of autoimmune arthritis in these mice, but that
the development of arthritis was also influenced by genetic
background. Since arthritis severity in D/J.gp130F759
mice could be partially ameliorated by methotrexate, this
novel animal arthritis model could be useful for determin-
ing additional cellular downstream events that are altered
by the gp130F759 mutation. For example, the gp130F759
mutation has already been shown to require IL-7 and Stat3
activation for driving the development of arthritis in these
mice.” Thus, conditional KO of Stat3 in non-lymphoid cells
confirmed that the elevated production of IL-7 and expansion

of CD4" cells was dependent on the activation of Stat3 by IL-6
family cytokines. Importantly, anti-IL-7 antibody suppressed
arthritis severity in these gp130 mutant mice.

A group of Danish blood donors with high anti-IL-6
antibody titers do not appear to exhibit any clinical signs
of arthritis. Galle et al’! made immunogenic IL-6 analogues
to produce anti-IL-6 antibody (aAB-IL-6) titers in mice at
levels comparable to those measured levels of anti-IL-6-anti-
body in these human blood donors. The aAB-IL-6 ‘vaccine’
was used to treat mice with CIA and experimental allergic
encephalitis (EAE). Mice vaccinated with aAB-IL-6 were
protected against the development of CIA and EAE, although
aAB-IL-6-vaccinated mice showed increased levels of TNF-o.
after a challenge with LPS. Thus, it remains to be determined
whether a regimen using aAB-IL-6 could potentially serve as
a prophylactic immunotherapeutic vaccine with the goal of
preventing the development of familial inflammatory disor-
ders that are characterized by elevated IL-6 levels.

Clinical investigations
and clinical trials
IL-6 profiling in human arthritis

Over the preceding 4 years several human studies have
focused on correlating IL-6 levels in serum, plasma or SF
with clinical measurements of disease activity, markers of
inflammation as well as development of, and radiographic
progression of RA. Perry et al®? were the first to show that
the concentration of IL-6 in paired plasma and SF from
RA patients that were sequentially measured over a 6-hour
period varied independently with one another. Furthermore,
the plasma IL-6 levels fell precipitously during the measur-
ing period whereas the IL-6 levels in SF remained virtually
constant. This result challenged the view that plasma IL-6
was a surrogate measurement for synovial tissue IL-6 produc-
tion. Additional studies from this group examined the diurnal
variations in TNF-a, IL-6 and other hormones. Thus, Perry
et al”® showed that the mean IL-6 and cortisol levels showed
significant overnight variation in RA patients who had not
received glucocorticoid therapy, with IL-6 levels signifi-
cantly rising overnight. However, there were no variations
in either the levels of TNF-a., or that of IL-1f3, IL-4, IL-10
and IL-13 during the same time period. Thus, the overnight
rise in plasma IL-6 may be a useful biomarker for taking
into account circadian variations in RA symptoms as well
as for measuring responsiveness of RA patients to various
medical therapies. In fact, Matsumoto et al** found a positive,
significant correlation between the index of inflammatory cell
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infiltrate in synovial tissues and the SF IL-6 concentration.
There was also a significant positive relationship between
SF IL-6 levels and plasma CRP as well as plasma CRP and
the inflammatory cell infiltrate index.

Karlson et al*® reported that the median plasma IL-6 and
sTNFRII levels were significantly higher in subjects from
the Nurse’s Health Study (NHS) cohort prior to the onset
of RA symptoms, but who eventually went on to develop
RA, compared with subjects who did not develop RA in
the NHS cohort. Interestingly, this relationship did not hold
in subjects from the Women’s Health Study (WHS) cohort.
However, pooled data from NHS and WHS cohorts did show
a significant association of sSTNFRII with those subjects that
eventually went on to develop RA (RR, 2.0; 95% confidence
interval [CI], 1.1 to 3.6; P for trend = 0.004), but only a
modest association of IL-6 in the pre-clinical RA group
(RR, 1.4; 95% CI, 0.8 t02.5; P for trend = 0.06) who later
developed RA.

Studies with a similar theme were performed on subjects
with juvenile idiopathic arthritis (JIA),”® PsA®” and on patients
with aggressive periodontitis coupled to chronic arthritis.”
Although significantly higher levels of IL-6 were found in
paired plasma and SF samples from JIA patients, along with
IL-15 and several additional chemokines, when compared to
normal subjects or Type I diabetes subjects,® levels of IL-8,
macrophage inhibitory factor, CCL2, CCL3, CC11, CXCL9
and CXCL10 appeared to be more valuable than IL-6 for
assessing the future course of treatment as these biomarkers
correlated most closely to when JIA became activated.
In PsA patients, serum IL-6 levels were significantly higher
in subjects with joint disease and measurable inflammation
compared to subjects without joint inflammation. Serum IL-6
levels correlated most significantly with the actual inflamed
joint count, erythrocyte sedimentation rate (ESR), C-reactive
protein (CRP) levels, but not with soluble IL-2Ra levels.
In comparison with a control group, serum sTNFRII levels
were most significantly correlated with disease activity in
patients with generalized aggressive periodontitis or JIA.”® By
contrast, a negative correlation was obtained when IL-6 gene
expression and plasma IL-6 levels were compared between
JIA and a control group. By contrast, a positive significant
correlation was found in TNFRI expression and sTNFRI
plasma levels when patients with localized aggressive
periodontitis and RA were compared to the control group.

A critical analysis of these results indicated, that for
the most part, plasma and/or SF IL-6 levels may be useful
biomarkers to monitor disease activity in several types of
inflammatory arthritic conditions, including adult RA, PsA or

JIA. However, in RA associated with aggressive periodontitis,
monitoring the plasma levels of TNFRI, TNFRII or sSTNFRI
may be more valuable.

Do changes occur in serum IL-6 levels
after treatment of RA patients with

biological agents?

Infliximab

Amital et al” studied serial serum samples from 11 patients
with refractory RA, 3 with PsA and 1 patient with undiffer-
entiated spondyloarthropathy, all of whom were treated with
infliximab after failing to attain sustained clinical remission
with conventional therapies or DMARDs. Seventy-two
percent (8/11) of the RA patients had elevated serum levels
of TNF-a. at least once during the study period. Only 1 RA
patient was clinically unresponsive to infliximab, whereas
2/11 RA patients clinically responded to infliximab but
never exhibited elevated TNF-o levels either before or after
infliximab therapy. One of the RA patients who clinically
responded to infliximab continued to manifest high serum
TNF-0., as well as IL-6 and sIL-2R levels, despite general
clinical improvement. Of note, serum IL-1f3 and IL-10 levels
continued to remain in the normal range in all of the RA
patients. Interestingly, 100% of the PsA patients clinically
responded to infliximab despite having no reduction in their
high serum level of TNF-a. The 15-year-old patient with
undifferentiated spondyloarthopathy responded clinically to
infliximab, but also continued to have high serum TNF-o.. In
another study,'® cytokines and cell types were determined by
immunohistochemical analysis of synovial tissue to assess the
response of 32 RA patients who had pre-treatment synovial
biopsies followed by post-treatment synovial biopsies after
16 weeks of therapy with infliximab. Forty-seven per cent of
the infliximab-treated subjects attained an American College
of Rheumatology (ACR) 20 response, while 53% did not. The
baseline levels of TNF-o, IL-10.,-1 did not differ between
infliximab responders and infliximab-non-responders or in
their ACR20 or ACR70 responses to infliximab. However,
the immunoreactivity of TNF-o and IL-6 was reduced
in the synovial sublining layer as was sublining vascularity,
but only in the infliximab responder group. There also was
evidence for a reduction in membranous layer proliferation,
but elevated numbers of CD68* cells persisted. These results
indicated that pre-infliximab synovial tissue immunoreactive
TNF-o failed to predict infliximab responsiveness. However,
in those RA patients who responded favorably to infliximab
(with the exception of ‘weak’ responders), the response to
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infliximab mirrored a reduction in synovial tissue TNF-o
and IL-6.

Sundberg et al'’! recently showed that HMGBI1
expression®® in RA synovial tissue was not consistently
altered by infliximab therapy. Out of a total of 9 RA patients
studied by pre- and post-infliximab synovial biopsy, the cyto-
plasmic and extracellular evidence of HMGBI1 decreased in
S patients, remained unchanged in 1 patient and was actually
increased in 3 patients. Unfortunately, the variable changes
that were detected in synovial tissue HMGB1 after infliximab
therapy were not correlated with any measurements of TNF-o.,
IL-1B or IL-6, or with IFN-y, nitric oxide or TLRs,'*® the
last named having been identified as potential modifiers of
HMGBI expression, translocation and extracellular release.

Finally, Knudsen et al'® studied 20 RA patients with high
baseline levels of plasma IL-6 and and VEGF and serum
YKL-40, prior to infliximab plus methotrexate therapy.
YKL-40 is produced by macrophages, synovial fibroblasts
and chondrocytes and was recently shown to be elevated
in patients with early RA.'" VEGF plays a prominent role
in the neovascularization of synovial membrane in RA.%
Prior to therapy with infliximab, a strong correlation was
obtained between elevated plasma IL-6, plasma VEGF and
serum YKL-40. Moreover, a high baseline plasma IL-6
(ie, >13 ng/L; normal, =3.3), even in those subjects who
responded to therapy, predicted a greater progression of
RA and higher Sharp scores after 52 weeks of therapy. The
reduction in the level of plasma IL-6 was more strongly
correlated with reduced ESR and CRP and the Disease
Activity Score-28 (DAS-28) than when serum YKL-40 or
plasma VEGF were correlated with ESR, CRP and DAS-28.
Furthermore, the reduction in plasma IL-6 after therapy
appears to be the principle biomarker of RA responsiveness
to infliximab. However, changes in plasma IL-6 provided
no better monitoring for infliximab responsiveness than a
reduction in plasma CRP that also occurred after clinical
responses to infliximab were obtained.'™

Etanercept

Cordiali-Fei et al'® collected serum from 45 PsA patients
prior to, and after therapy with etanercept for 52 weeks.
A significant decline in the Psoriatic Arthritis Scoring Index
(PSAI), and IL-1, IL-6 and INF-ywas obtained (all P < 0.01)
and to a lesser extent in TNF-a (P < 0.05). However, there
were no significant changes in anti-nuclear antibody titer,
CD4*/CD8" ratio, IgE, CD16 (ie, F_ receptors for F Rllla and
FCVRHIb), CD19 (ie, a plasma membrane marker for follicular
dendritic cells and B-lymphocytes) or eosinophils.

CD45 is a cell surface marker for protein tyrosine
phosphatase-mediated signal transduction through the
T lymphocyte receptor which can induce T lymphocyte and
B lymphocyte apoptosis.! Tumor necrosis factor-related weak
inducer of apoptosis (TWEAK)* was detected on CD45*
cells in RA synovium and cultured RA-FLS in the presence
of TWEAK produced increased amounts of IL-6, IL-8 and
MCP-1.1 Park et al'” showed that RA patients had higher
serum TWEAK, TNF-o and IL-6 levels than levels of these
3 biomarkers measured in a control group, whereas patients
with AS had high levels of TNF-o and IL-6, but TWEAK
levels were comparable to that of the control group. In RA,
high TWEAK was correlated with a high DAS-28 score and
high TNF-q., but not with elevated IL-6. RA patients clini-
cally responding to 12 weeks of therapy with etanercept also
showed a reduction in serum TWEAK, whereas RA patients
failing to respond to etanercept did not show any changes
in serum TWEAK from baseline. However, an analysis to
determine the extent to which a reduction in serum TWEAK
correlated with changes in IL-6, TNF-a and IFN-y was not
performed.

Adalimumab

Gene expression studies were conducted to attempt to
predict the extent to which RA patients would respond to
adalimumab.'® Four hundred-thirty-nine genes were identi-
fied which were associated with a poor clinical response to
adalimumab using the criteria established by the European
League Against Rheumatism. Four hundred eleven (94%)
of the 439 genes were upregulated in the poor responders to
adalimumab group. These genes clustered into cell division
or immune response pathways. Of interest, high baseline
synovial gene expression of IL-7R, CXCL11, IL-18, IL-18
receptor accessory protein (IL-18rap) and MK167 were
members of the gene panel that correlated with a poor clini-
cal response to adalimumab. The high baseline expression
of these molecules in RA patients prompted the possibility
that TNF-a, or other cytokines involved in RA pathophysi-
ology including IL-6, might be responsible for the elevated
IL-7R, CXCLI11, IL-18, IL-18rap and MK 167 gene expres-
sion by RA synovium. Thus, RA-FLS were incubated with
TNF-a, IL-1B, IL-6, IL-7, IL-17 or various combinations
thereof and real-time PCR was employed to determine the
level of IL-7R, CXCL11, IL-18, IL-18rap and MK 167 gene
expression. TNF-o, IL-1B or IL-17 alone produced results
similar to the baseline values for some of the molecules in
the aforementioned gene panel, whereas the combination of
TNF-a or IL-1PB with IL-17 produced a stimulatory effect
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on all of the genes in the gene panel. Of note, the effects
of TNF-o with either IL-17 or IL-1P were synergistic for
several targets: for TNF-a and IL-17; IL-6 and CDC2
(a serine/threonine kinase essential for cell division); and
for TNF-otand IL-1§; IL-7R, IL-6, indoleamine-pyrrole 2, 3,
dioxygenase (an immunomodulatory enzyme) and CDC2.
Future studies of this nature are warranted to determine if
individualized biologic therapies can be designed to inhibit
the expression of immunomodulatory genes that dampen
clinical responses to RA biological drugs.

Tocilizumab
At present, tocilizumab is approved for use in the United
States only for the treatment of JIA which has proven dif-
ficult to successfully manage by conventional therapies
alone.'” The major safety and efficacy JIA clinical trial with
tocilizumab had either a double-blinded placebo-controlled
or open-labeled withdrawal design and was conducted
in Japan on 52 children, ages 2 to 19 years, with disease
who were refractory to conventional treatments.''” At the
end of the open-label lead-in phase, the ACR Pedi 30, 50
and 70 responses were, 91%, 86% and 68%, respectively.
Seventeen per cent of JIA patients in the non-tocilizumab-
treated group attained an ACR Pedi 30 response and a CRP
concentration < 15 mg/L compared with 80% in the tocili-
zumab group. By week 48 of the open-label extension phase,
the ACR Pedi 30, 50, 70 responses had risen to 98%, 94%
and 90%, respectively. These results are compelling in light
of an older report by Peake et al'!! who had cautioned that it
might be difficult to see the effects of neutralizing IL-6 trans-
signaling in JIA because of the presence of high levels of
proteolytically cleaved sIL-6R which might already interfere
with IL-6-mediated trans-signaling in these patients.
Although serial measurement studies of serum IL-6 levels
in JIA patients prior to, and after treatment with tocilizumab,
are apparently forthcoming, Nakajima et al''? has already
shown that the level of serum cartilage oligomeric matrix
protein (COMP), a 550 kDa homopentameric glycoprotein
related to the thrombospondin protein family was increased
by therapy with tocilizumab in systemic JIA (sJIA) patients
after it was found that these patients were intolerant or
had inadequate clinical responses to corticosteroids or
immunosuppressants. The significance of raising serum
COMP in sJIA may be related to the fact that serum COMP
levels are generally below normal levels in sJIA during
both active (ie, CRP = 1.5 mg/dL) and remission stages
(CRP < 1.5 mg/dL) of the disease. Low serum COMP may
partially explain the limited progression of skeletal long bone

growth in these patients.*® In this study''? the serum COMP
level in 201 healthy children under the age of 16 years with no
evidence of growth delay was 17.4 £ 5.6 U/L (mean + SD), in
11 sJIA patients, 10.8 + 3.9, prior to tocilizumab and 14.9 +
3.9 (P < 0.05) after tocilizumab therapy for an indeterminate
period of time, not stated in the report. The increase in serum
COMP in the tocilizumab-treated group was accompanied
by significant reductions in leukocyte count, ESR, CRP
and ferritin which was also associated with a decrement in
MMP-3 and a rise in bone alkaline phosphatase activity, the
latter a well-validated biomarker of bone formation.

The results of 4 recently completed double-blind placebo-
controlled randomized trials of tocilizumab in adult RA'3-116
has also yielded impressive clinical results. Nishimoto et al'!?
conducted the first large clinical trial with tocilizumab on
302 subjects with active RA of < 5 years duration but with
very high modified Sharp scores at baseline, averaging 29.4.
After 52 weeks of treatment, the tocilizumab-treated group
(8 mg/kg) showed significantly less radiographic change (2.3,
95% CI, 1.5 to 3.2) compared to the DMARD-treated group
(6.1, 95% CI, 4.2 to 8.0) (P < 0.01). A follow-up analysis
also indicated a remission rate of 59% in the tocilizumab
group as measured by DAS-28. Smolen et al''* reported
that after 24 weeks, the ACR 20 response was 59% in
subjects receiving tocilizumab (8 mg/kg), 48% in the group
receiving 4 mg/kg and 26% in the placebo (ie, the metho-
trexate group). Sixty-nine per cent of the subjects receiving
the higher dose of tocilizumab had at least 1 adverse event
compared to 71% at the lower tocilizumab dose group and
63% in the placebo group. Emery et al'® reported a lower
ACR20 and DAS-28 response to tocilizumab after 24 weeks
compared to the results reported by Smolen et al''* but the
response to tocilizamab was clearly in a positive direction;
ACR20, 50% (8 mg/kg), 30.4% (4 mg/kg), 10.1% (placebo);
reduction in DAS-28, 30.1% (8 mg/kg), 7.6% (4 mg/kg),
1.6% (placebo). The results of this study!!® also showed that
subjects responded to tocilizumab regardless of whether they
had recently failed to respond to one anti-TNF therapy or
a number of anti-TNF regimens. Another follow-up study
by Funahashi et al''® employed the clinical disease activity
index (CDAI) in order to be able to compare the results
using CDAI to DAS-28 to determine the responsiveness
of RA subjects to tocilizumab for 12 weeks. This group
also measured serum IL-6 and MMP-3 levels. Remission
rates were reported as 57.1% using DAS-28 and 19.1%
using CDAI, the latter being independent of blood data.
However, CDAI correlated with DAS-28 and also with
lowered serum values for MMP-3 and IL-6. Another marker
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of RA disease activity is the lowed secretion of biologically
active adrenal androgens in relation to that of their precursor
hormones and estrogens. Straub et al''” showed that the anti-
IL-6 antibody, MRA (8 mg/kg) lowered the ESR, swollen
joint counts and DAS-28 but also increased the serum levels
of androstenedione. The androstenedione to cortisol ratio
increased in RA subjects receiving MRA compared to RA
subjects receiving prednisolone or placebo. Importantly,
serum levels of estrone and 17B-estradiol did not change,
nor did serum levels of ACTH or cortisol.

Potential use of novel inhibitors
of IL-6 protein family members as RA

therapeutics

APN and PBEF

Anti-adipocytokine antibodies, including those directed
against APN and PBEF are being evaluated for the treatment
of RA. In a baseline analysis, Rho et al''® examined the level
of serum leptin, resistin, APN and PBEF in 167 RA patients
and 91 control subjects. An independent association analyses
was conducted to determine the relationships between leptin,
resistin, APN and PBEF and body mass index (BMI) as a
measure of obesity and with serum CRP, IL-6 and TNF-q,
as indices of inflammation. Radiographic damage was deter-
mined by Larsen scoring, which is also used to assess the
radiographic progression of RA. The serum level of leptin,
resistin, APN and PBEF were all elevated in the RA group
compared to the control subjects. However, only APN and
PBEF remained elevated after adjusting for BMI, the inflam-
mation index or both. Moreover, PBEF was highly correlated
with a high Larsen score, indicative of evidence of greater
radiological joint damage. An association between PBEF
and Larsen score remained high even after adjusting for age,
race, sex, disease duration, BMI and the inflammation index.
As expected, serum leptin was positively correlated with BMI,
but leptin was negatively associated with Larsen scores after
adjusting for inflammation, but not after adjusting for BMI.
Not only will it be important to add the monitoring of serum
APN and PBEF levels as a function of responsiveness of RA
patients to anti-rheumatic biological agents, but these data
also imply that the anti-APN/anti-PBEF biologicals may be
suitable targets for future commercial drug development.

OSM and leukemia inhibitory factor

OSM!" and leukemia inhibitory factor (LIF), another
member of the IL-6-like cytokine protein family,'* are
appreciably elevated in RA serum and RA-SF. Experimental
LIF antagonists are being evaluated in vitro in order to

determine if they possess biological activity not only against
LIF, but OSM as well, since LIF and OSM share an identical
receptor which complexes with the gp130 subunit.! In that
regard, Jazayeri et al'®! created two LIF mutants, LIF05
and MH35-BD, which have significantly reduced affinity
for the gp130 subunit, but significant LIF receptor binding
activity. The results showed that LIF mutations modulated
the biological activity of LIF, OSM and other IL-6-like
proteins as measured by reductions in Ba/F3 cell prolif-
eration, haptoglobin-induced HepG2 human carcinoma
proliferation and proteoglycan and collagen release from
porcine cartilage slices in vitro. More recently, MH35-BD
was shown to block MMP-1, MMP-3 and TIMP-3 gene
expression after stimulation of porcine chondrocytes with
either LIF or OSM.'?? Metz et al'®* showed that a truncated
form of the murine LIF receptor (LIF-R) made up of the first
5 extracellular domains was a potent inhibitor for human
LIF. Thus, activation of Stat3 and subsequent downstream
induction of Stat3 target genes were blocked by the truncated
form of LIF-R. Furthermore, truncated LIF-R did not inhibit
the biological activities of OSM or IL-6. The construction
of LIF-based inhibitors by fusion protein methodology!''®
should enable the development of inhibitors for LIF-related
cytokines, such as OSM as well as the newly recognized,
IL-6-like cytokines, IL-31 and IL-27.%

Does the anti-B-lymphocyte therapeutic

agent, rituximab, alter IL-6 levels?

The approval of the anti-CD20 antibody (ie, anti-
memory-B-lymphocyte), rituximab for use in the therapy
of moderate-to-severe of RA patients with inadequate
responses to anti-TNF-ou biologicals?'?*125 has raised the
possibility that rituximab could be employed to study other
B-lymphocyte activities, including BAFF/APRIL and IL-6/
IL-6R/gp130-mediated signaling. Using biochip technology,
Fabre et al'?® studied cytokine responses in RA patients who
demonstrated either a good or poor response to rituximab.
Responder subjects were defined as meeting at least 3 of
4 ACR criteria: =20% fall in CRP, visual analog score of
disease activity, ESR, and improvement in DAS-28 (4-values)
or areduction of =1.2 in these values obtained after 3 months
after rituximab therapy. The results showed that serum CRP
and IL-6 levels were significantly decreased in the rituximab-
responder group compared to baseline. However, high levels
of MCP-1 and epidermal growth factor were the only 2 out of
the 12 cytokines that distinguished rituximab-responders from
non-responders. Furthermore, none of the baseline cytokine
levels could predict clinical responses to rituximab.
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Is IL-6 one of the biomarkers

that are common to RA and OA?

Although it is certain that the pathogenetic mechanisms
causing RA and OA are different, there are specific com-
ponents in RA and OA disease progression that suggested a
common pathway in both diseases where destruction of artic-
ular cartilage and subchondral bone were the final outcome.'?’
A preliminary analysis of key regulatory molecules as
measured by antibody-based protein membrane arrays that
were associated with cartilage destruction, included IL-6,
CCL2, CXCLI1-3, IL-8/CXCLS8, whereas a genome-wide
microarray analysis of human chondrocytes stimulated by
the SF from RA patients included adenosine A2A receptor,
COX-2, TLR-2, spermine synthase, receptor-interacting
serine-threonine kinase-2, CXCL1, CXCL8, CCL20,
CXCR4, IL-1B, IL-6, as well as MMP-10 (stromelysin-2)
and MMP-12 (human macrophage elastase).'”” A second
study by Andreas et al'* identified additional novel genes that
appeared to be part of the signature of inflamed synovium
in RA, including connective tissue growth factor (CTGF),
CXCR7,1L-23A, TNFAIP-2 and TXNIP, to name only a few.
A similar analysis performed on inflamed synovium from OA
patients could provide evidence for common gene expres-
sional events that link RA to OA disease progression.

A role emerges for IL-6 in OA, psoriatic

arthritis and ankylosing spondylitis
OA
The reasons for considering development of anti-IL-6
therapies for OA were recently reviewed.® Perhaps the most
compelling evidence linking IL-6 to OA pathogenesis came
from cytokine profiling studies performed in the Hartley
(OA-prone) and Strain-13 (OA-resistant) guinea pig. These stud-
ies were instrumental in focusing attention on the potential role
of IL-6 in OA pathogenesis. Thus, multiple regression analysis
showed significantly increased levels of serum IL-6 (> = (.80,
P =0.0002) and TNF-a. (1> = 0.55, P = 0.02) in the OA-prone
Hartley strain but not in Strain-13. *° An increase in the level
of serum IL-6 and extracellular HMGB-1 were also found in
the SF and osteochondral fragments of horses with OA.!"3!
IL-6 in the presence of cyclic AMP (cAMP) was found to
stimulate the production of cathepsin B in the MG-63 human
osteoblast cell line.'3? Stimulation of cathepsin B by IL-6 and
cAMP was dependent on p38 kinase activity. Moreover, IL-6
stimulated the production of urokinase-type plasminogen
activator, a well-established activator of pro-MMPs.!* Of
note, Straub et al'** recently showed that endomorphin-1

(EM-1), an anti-inflammatory molecule, inhibited IL-6 by
RA synovial cells and IL-8 in RA and OA synovial cells.
A similar pattern of inhibition by EM-1 was observed in the
rat adjuvant arthritis model suggesting that stimulation of
EM-1 might suppress IL-6 and/or IL-8 production by RA
and OA inflamed synovium.

IL-6 may also be a critical modulator of chondrocyte dif-
ferentiation from MSCs. Thus, IL-6 could play a significant
negative role in cartilage regeneration in OA. In that regard,
Nakajima et al'* showed that IL-6 inhibited early differentia-
tion in the ATDCS chondrogenic progenitor cell line which
could be blocked by monoclonal antibody MR16-1. The
blockade of IL-6 by MR16-1 resulted in the expression of
IL-6R and gp130 by ATDCS cells.

PsA

Infliximab and etanercept have achieved significant clinical
efficacy in the treatment of psoriasis and PsA.!0%136138 [n
that regard, the effective reduction in the clinical severity
of psoriatic arthritis after 6 and 12 weeks of infliximab
monotherapy was accompanied by reduced serum levels of
IL-6, VEGF, E-selectin and FGFE.'* In a more recent clinical
trial'* a reduction in the serum and skin levels of MMP-2,
MMP-9 and TNF-o. was also obtained. Most recently, Alenius
et al’” showed that serum IL-6 levels were higher in psoriatic
patients with joint disease and measurable inflammation
compared to patients with only the skin manifestations of pso-
riatic disease. Moreover, serum IL-6 and CRP levels strongly
correlated with the actual inflamed joint count whereas the
level of soluble IL-2Ra did not. Taken together, the results
of these clinical studies indicated that IL-6 was one of the
reliable serum biomarkers to measure during therapy of PsA
with TNF-o inhibitors because IL-6 is elevated in PsA and a
reduction in IL-6 was achieved only when effective clinical
remission was attained.

AS

Neutralizing antibodies against TNF-c., IL-6 and IL-17
appear to be among the most promising approaches for
reducing inflammation-mediated bone damage associated
with AS.'*! In this regard, Bal et al'** found increased serum
levels of IL-6, sIL-2r and TNF-q, but not IL-1f in AS patients
with a correlation between CRP and IL-6 as well as between
ESR, sIL-2r, IL-6 and TNF-o.. However, only sIL-2R levels
correlated with the Bath Ankylosing Spondylitis Metrology
Index or the Bath Ankylosing Spondylitis Functional Index.
Serum leptin levels and BMI were also found to correlate
with IL-6 as did serum leptin levels and BMI and IL-6 with
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Table | Potential role of IL-6 cytokine protein family members in arthritis

IL-6 family member Increased in RA? Reduced by anti-IL-6? Reduced by inhibiting LIF-R? References
APN Yes ? ? 118

OSM Yes ? No 119,123
PBEF Yes ? ? 118

LIF Yes ? Yes 120, 1237

*Inhibiting LIF-R did not alter the biological activity of IL-6.

Abbreviations: APN, adiponectin; OSM, oncostatin M; PBEF, pre-B-cell colony enhancing factor/visfatin; LIF, leukemia inhibitory factor.

the Bath Ankylosing Spondylitis Disease Activity Index and
with serum CRP.!* Of note, a significant reduction in the
level of serum IL-6, VEGF and CRP was achieved in patients
with AS who were treated with infliximab for 2 and 24 weeks
compared to placebo. The reduction in IL-6, VEGF and CRP
was accompanied by a significant clinical response rate
over the same period of time.!* Most recently, Visvanathan
et al'* showed that an increase in spine bone mineral density
in patients with AS after being treated with infliximab for
24 and 102 weeks correlated with baseline serum levels of
IL-6, VEGE, osteocalcin, bone alkaline phosphatase and
Type I collagen telopeptide. However, high baseline levels
of osteocalcin and an early increase in the level of bone
alkaline phosphatase were the most significant predictors of
increased spine bone mineral density produced by infliximab
in these patients.

Conclusion

Recent studies have implicated increased serum and SF levels
of IL-6 and IL-6/IL-6R/gp130-mediated trans-signaling
in a host of pathophysiologic events that characterize the
inflammatory component of RA. Results of 4 clinical
arthritis trials with anti-IL-6R antibodies for patients who had
inadequate responses to corticosteroids, DMARDs or anti-
TNF-therapy provided compelling evidence that neutralizing
IL-6-mediated signaling provided significant clinical benefit.
However, several critical issues remain with regard to the
extent to which other proteins members of the IL-6 cytokine
family, namely, APN, OSM and PBEF and LIF, will also
inhibited by blockade of IL-6R (Table 1).

Recent evidence has also emerged linking the up-
regulation of IL-6 gene expression to the development of OA
in animals. However, it appears to be somewhat premature
to commit any substantial financial resources to human
OA clinical trials for which the safety and/or efficacy of
neutralizing IL-6R would be determined.

Finally, since the soluble form of IL-6R acts as an agonist
for the transmitting of signals through its interaction with

gp130,' it appears likely that novel approaches for employing
and producing recombinant sgp130 protein to inhibit IL-6
trans-signaling will become part of the next generation for
drug development of IL-6 pathway neutralizing agents.

Addendum

After the submission of this manuscript, Axmann et al'¥’
showed that blockade of IL-6R with an experimental
murine anti-IL-6R antibody directly reduced osteoclast
differentiation and bone resorption by monocyte cultures
stimulated with RANKL or RANKL plus TNF-a. in vitro.
In human TNF-a transgenic mice IL-6 blockade did not
inhibit joint inflammation, but did suppress osteoclast
development and bone erosions. These results suggested that
anti-IL-6 therapy directly reduced osteoclast-mediated bone
destruction that was independent of its anti-inflammatory
properties.
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