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a  b  s  t  r  a  c  t

Bone  renews  itself  and  changes  shape  throughout  life  to account  for the  changing  needs  of  the  body;  this
requires  co-ordinated  activities  of  bone  resorbing  cells  (osteoclasts),  bone  forming cells  (osteoblasts)
and  bone’s  internal  cellular  network  (osteocytes).  This  review  focuses  on paracrine  signaling  by  the  IL-6
family  of  cytokines  between  bone cells,  bone  marrow,  and  skeletal  muscle  in  normal  physiology  and  in
pathological  states  where  their  levels  may  be  locally  or systemically  elevated.  These  functions  include  the
support  of  osteoclast  formation  by osteoblast  lineage  cells in  response  to interleukin  6 (IL-6),  interleukin
11  (IL-11),  oncostatin  M  (OSM)  and  cardiotrophin  1 (CT-1).  In  addition  it will  discuss  how  bone-resorbing
osteoclasts  promote  osteoblast  activity  by secreting  CT-1,  which  acts  as  a “coupling  factor”  on osteo-
cytes,  osteoblasts,  and  their  precursors  to promote  bone  formation.  OSM,  produced  by  osteoblast  lineage
cells and  macrophages,  stimulates  bone  formation  via  osteocytes.  IL-6  family  cytokines  also  mediate
actions  of  other  bone  formation  stimuli like  parathyroid  hormone  (PTH)  and  mechanical  loading.  CT-1,
OSM  and  LIF  suppress  marrow  adipogenesis  by  shifting  commitment  of pluripotent  precursors  towards
osteoblast  differentiation.  Ciliary  neurotrophic  factor  (CNTF)  is released  as  a myokine  from  skeletal  mus-
cle and  suppresses  osteoblast  differentiation  and  bone  formation  on the periosteum  (outer  bone  surface
in apposition  to muscle).  Finally,  IL-6  acts  directly  on marrow-derived  osteoclasts  to stimulate  release
of “osteotransmitters”  that act  through  the cortical  osteocyte  network  to  stimulate  bone  formation  on
the  periosteum.  Each  will  be discussed  as illustrations  of how  the  extended  family  of  IL-6  cytokines  acts
within  the  skeleton  in  physiology  and  may  be altered  in  pathological  conditions  or  by  targeted  therapies.
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1. Introduction

Bone structure is determined and maintained by co-ordinated
activities of two key cell types: osteoblasts (bone forming cells),
and osteoblasts (bone resorbing cells). In the adult, once the size
and shape of the skeleton is established, bone tissue is continu-
ally renewed and adapted to physiological stresses by a process
termed remodelling. In this process, the amount of bone removed
by the osteoclast must be matched to that formed by the osteoblast
for bone structure and strength to be maintained. In osteoporosis,
including secondary osteoporosis associated with inflammatory
conditions where cytokine levels are elevated, the activity of osteo-
clasts outstrips that of osteoblasts, leading to bone loss; similar
mechanisms exist at sites of local inflammation and local bone
destruction, for example in rheumatoid arthritis.

It was through the study of bone-resorbing osteoclasts that a
role of Interleukin 6 (IL-6) family cytokines in the skeleton was
first discovered (Tamura et al., 1993). Indeed IL-6 was  one of the
first factors identified that stimulates osteoclast formation not by
directly stimulating haematopoietic osteoclast precursors, but by
promoting the ability of mesenchymal osteoblast lineage cells to
support osteoclastogenesis in a contact-dependent manner. This
RANKL-dependent communication pathway that intimately links
osteoblasts to osteoclasts is now central to our understanding of
the way that skeletal structure is controlled and an established
mechanism by which osteoporosis is treated (Ominsky et al., 2011).

In recent years it has become clear that IL-6 and its related fam-
ily of cytokines have multiple roles that regulate not only bone
resorption, but also bone formation in health and disease, by virtue
of their expression in normal physiology, and their elevated levels
in pathologies. This review will describe a number of key inter-
cellular pathways through which cell-specific production of IL-6
family cytokines regulate skeletal structure with a focus on the roles
identified in studies of genetically altered mice.

2. The IL-6 family

The IL-6 family of cytokines is defined by their common
use of the glycoprotein 130 (gp130) co-receptor, a ubiquitously
expressed transmembrane receptor subunit capable of intra-
cellular signalling. The most widely studied members of the
family are IL-6, interleukin 11 (IL-11), leukemia inhibitory fac-
tor (LIF), cardiotrophin-1 (CT-1), oncostatin M (OSM) and ciliary
neurotrophic factor (CNTF). Each cytokine that binds to gp130 gen-
erates specific intracellular JAK/STAT or Erk signalling cascades
by forming specific receptor:ligand complexes, each with distinct
components (Fig. 1).

A subfamily of compound cytokines that form overlapping sig-
nalling complexes including the CNTF receptor also exists; their
specific roles in the skeleton appear to be limited to promoting
bone formation, but remain very poorly understood and largely
unexplored despite known skeletal defects in patients with muta-
tions in these family members (Knappskog et al., 2003; Rousseau
et al., 2006). This has been recently reviewed (Sims, 2015), and
will not be discussed in detail here. Another series of cytokines
that act through gp130-containing complexes are those that uti-
lize IL-27R�/WSX-1 (Interleukin 27 receptor). There is very little
known about these cytokines in bone, even though IL-27R� has
been detected in human osteoblasts, at least in the context of mul-
tiple myeloma (Cocco et al., 2010). IL-27 suppresses inflammation

in a preclinical model of rheumatoid arthritis (Niedbala et al., 2008)
and suppresses the pathway by which T cells support osteoclast
formation (Kamiya et al., 2011). No report of effects of humanin on
osteoblasts or osteoclasts has been made. For this reason IL-27R�-
signalling cytokines will not be discussed in this review.

3. Intercellular communication in bone growth and
remodelling

During bone growth, shape change results from bone being
deposited on surfaces where it is needed and removed from areas
where it is no longer needed; in this process, termed “bone mod-
elling”, osteoblasts and osteoclasts act on different bone surfaces
(Fig. 2). Even though they are separated by both time and place,
there appears to be some co-ordination between these processes,
possibly by factors recently termed “osteotransmitters” (Johnson
et al., 2015) or by changing mechanical needs sensed by osteocytes
(Schaffler et al., 2014) a population of mature osteoblast lineage
cells residing within the bone matrix that form an extensive net-
work throughout the skeleton (Buenzli and Sims, 2015) (Fig. 2).

Bone size is also determined by other cells not classically consid-
ered “bone cells”. Proliferation and differentiation of chondrocytes
within cartilaginous growth plates determines bone length (Fig. 2)
(Sims et al., 2000), and cytokines released by muscle adjacent
to cortical bone may  also control the widening of cortical bone
(Johnson et al., 2014b). IL-6 family members have been implicated
in both of these processes (see below).

In adult life, the skeleton is renewed through a process termed
bone remodelling (Fig. 2). During bone remodelling, small packets
of bone are removed by osteoclasts and replaced by osteoblasts.
In contrast to modelling, the process of remodelling involves
osteoblasts and osteoclasts acting on the same surface but at dif-
ferent times. The activity of osteoblasts follows that of osteoclasts
in a process termed “coupling”; factors produced by the osteoclast,
termed “coupling factors” were proposed to mediate this (Martin
and Rodan, 2001; Martin and Sims, 2005), and many have now
been identified (Martin, 2014; Sims et al., 2015), and see below.
This interaction between osteoblasts and osteoclasts does not occur
in isolation, however. Other cells within the bone microenviron-
ment, such as macrophages, T cells, and the vasculature also provide
signals that control bone remodelling (Sims and Martin, 2014).

In addition to the signals from osteoclasts that control bone
formation, communication also occurs in the opposite direction,
where cells of the osteoblast lineage, including osteoblast precur-
sors and the matrix-embedded osteocyte, support the formation
of osteoclasts by their production of RANKL (receptor activator of
NF�B ligand) and M-CSF (macrophage colony stimulating factor),
two factors required for the differentiation of osteoclasts (Kong
et al., 1999; Rodan and Martin, 1981; Xiong et al., 2011). It was
through the study of this pathway that the role of IL-6 family
cytokines in the skeleton first reached prominence.

4. The roles of IL-6 family members in promoting bone
resorption

All IL-6 family cytokines, apart from the CNTFR-binding sub-
family, stimulate osteoclast formation in cell culture, through an
action that requires the presence of osteoblasts (McGregor et al.,
2010; Richards et al., 2000; Tamura et al., 1993; Udagawa et al.,
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