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ARTICLE INFO ABSTRACT

Keywords: The last two decades have marked a growing understanding of the interaction occurring between bone and
Osteoporosis immune cells. The chronic inflammation and immune system dysfunction commonly observed to occur during
Autoantibodies

the ageing process and as part of a range of other pathological conditions, commonly associated with osteo-
porosis has led to the recognition of these processes as important determinants of bone disease. This is further
supported by the recognition that the immune and bone systems in fact share regulatory mechanisms and
progenitor molecules. Research into this complex synergy has provided a better understanding of the im-
munopathogenesis underlying bone diseases such as osteoporosis. However, existing research has largely fo-
cussed on delineating the role played by inflammation in pathogenic bone destruction, despite increasing evi-
dence implicating autoantibodies as important drivers of osteoporosis. This review shall attempt to provide a
comprehensive overview of existing research examining the role played by autoantibodies in osteoporosis in
order to determine the potential for further research in this area. Autoantibodies represent promising targets for

Bone remodelling
Bone mineral density
Fractures

the improved treatment and diagnosis of inflammatory bone loss.

1. Introduction

Osteoporosis is a condition characterised by decreased bone
strength that culminates in an increased risk of fractures in response to
minimal or low velocity force (Lindsay and Cosman, 2014). Its prime
fracture regions are around the vertebrae, hip and distal radius, though
fractures can occur at almost any skeletal site (Dempster, 2011). In
general, most fragility fractures occur at non vertebral sites where bone
is composed mainly by compact or cortical tissue that accounts for 80%
of the total bone mass of an adult skeleton, whilst trabecular tissue
makes up the remaining 20% (Iolascon et al., 2013). Reduced bone
strength results from a loss of bone tissue, a consequence of imbalances
between bone formation and resorption, as well as a subsequent dete-
rioration in skeletal microarchitecture (Kasper et al., 2016). As such,
the presence of a fragility fracture or bone mineral density (BMD)
measurements form the basis of diagnostic techniques that guide tar-
geted intervention strategies (Duque et al., 2017). The working defi-
nition for osteoporosis is a BMD that falls 2.5 standard deviations (SD)
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below the mean for a healthy individual (i.e., a T score of < — 2.5),
with a T score of < 1.0 considered indicative of an increased risk of
developing osteoporosis (Kasper et al., 2016). For each standard de-
viation below peak bone mass (or 1 unit decrease in T-score), it is re-
ported a woman's risk of fracture approximately doubles (Humes,
2011). Bone density results are usually reported using T scores rather
than Z scores, particularly amongst older adults. It is however im-
portant to note that defining osteoporosis on the sole basis of T scores
has failed to prove effective with more than 50% of all hip fractures
occurring in individuals with T scores that are better than — 2.5 (Kasper
et al., 2016). Moreover, the consequences of osteoporotic fracture in-
clude diminished quality of life, decreased functional independence,
and increased morbidity and mortality (Cooper, 1997). There is
therefore a need for research aimed at improving diagnostic strategies
and subsequently optimizing both prevention and treatment of this
condition.

Osteoporosis is classified into primary and secondary osteoporosis
on the basis of the precipitating factors (Refer to Appendix A) (Kasper
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et al., 2016). The development of osteoporosis is traditionally attrib-
uted to result from the influence of a range of lifestyle and genetic
factors as well as a range of other acquired and modifiable risk factors
(Clarke, 2008). Recently, there has been a growing acknowledgement
for the involvement of the immune system in the pathogenesis of os-
teoporosis precipitating the emergence of the field of osteoimmunology
(Pietschmann et al., 2016). The immune system is postulated to play an
important role in the aetiology of bone disease by disrupting the bal-
ance of activity between the effects of osteoblasts that form bone and
those of osteoclasts that resorb bone (Caetano-Lopes et al., 2009). This
review will seek to appraise existing literature in this field in an effort to
better understand the interaction between the immune system and the
skeletal system, with a particular focus on the role of autoantibodies in
osteoporosis development.

2. The immune system and bone homeostasis

In a normal physiological state, the skeletal system carries out
multiple functions including providing support, mobility, and protec-
tion for vital organs, as well as acting as a mineral reservoir for calcium
and phosphate (Office of the Surgeon General (US), 2004). In order to
effectively carry out these tasks, the skeleton exists in a dynamic
equilibrium characterised by continuous osteoclast-mediated bone re-
sorption and osteoblast-mediated bone deposition (Caetano-Lopes
et al., 2009; Raggatt and Partridge, 2010; Rucci, 2008). The latter
biological process, termed “bone remodelling”, occurs in a harmonious
and simultaneous fashion, resulting in a negligible change in bone mass
(Raggatt and Partridge, 2010; Rucci, 2008). After peak bone mass is
reached at the end of the 3rd decade, the normal balance between bone
formation and bone resorption changes with relative increases in bone
resorption leading to net bone loss (Clarke and Khosla, 2010). Inter-
estingly, according to recent research, the majority of bone loss after
the age of 65 is cortical bone loss; however, bone loss after menopause
is mainly trabecular bone loss (Hunter and Sambrook, 2000).

Briefly, bone remodelling follows the activation-resorption-forma-
tion (ARF) sequence (Baron R., 2000). The first step, called the acti-
vation phase, begins with stimulation of quiescent osteoblasts. In re-
sponse to appropriate stimuli, the latter release key osteoclast
differentiation factors triggering preosteoclast fusion and differentia-
tion to multinucleated osteoclasts marking the end of the activation
phase (Raggatt and Partridge, 2010; Baron R., 2000). Once differ-
entiated, osteoclasts polarize, adhere to the bone surface, and dissolve
bone as part of the resorption phase. They then undergo apoptosis, as a
means to prevent excessive bone resorption (Raggatt and Partridge,
2010; Clarke and Khosla, 2010). After this resorptive process, there is
an intermediate phase preceding bone formation, called a reversal
phase. At this time, some macrophage-like uncharacterized mono-
nuclear cells are observed at the site of remodelling, whose function
consists of removal of debris produced during matrix degradation (Teti
and Rucci, 2010). The final phase termed bone formation is triggered
by several growth factors stored in the bone matrix and released after
its degradation, which are likely to be responsible for recruitment of
osteoblasts in the resorbed area (Rucci, 2008; Teti and Rucci, 2010).
Once recruited, osteoblasts produce new bone matrix, initially not mi-
neralized (osteoid), and then they promote its mineralization, thus
completing the bone remodelling process (Rucci, 2008). Both cortical
and trabecular bone undergo a continuous process of structural re-
modelling as a means of maintiaing mineral homeostasis, adapting to
mechanical changes and repairing damage to bone (Iolascon et al.,
2013).

Research has successfully highlighted various shared molecules and
characteristics between bone and immune systems. Firstly, osteoclasts
have been identified to derive from the same myeloid precursor cells
that give rise to macrophages and myeloid dendritic cells (Xiao et al.,
2015; Schett and David, 2010). Moreover, osteoclasts are observed to
exhibit the same lifecycles as dendritic cells, regulated by a variety of
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cytokines, transcription factors and inflammatory mediators (Xiao
et al., 2015; Schett and David, 2010). On the other hand, bone forming
osteoblasts are noted to derive from mesenchymal stem cells
(Teitelbaum, 2007).

The coordinated stimulation of osteoclasts by osteoblasts and re-
ciprocal activation of osteoblasts by osteoclasts is referred to as cou-
pling (Rucci, 2008). It is widely acknowledged that the complementary
regulatory activities of osteoclasts and osteoblasts are continuously
controlled through direct cell to cell contact, via extracellular matrix
interaction as well as by a variety of cells of the immune system
(Caetano-Lopes et al., 2009; Chen et al., 2017). Osteoclasts represent
the sole bone-resorbing cells in the body and are derived mainly fol-
lowing stimulation by two essential cytokines: the macrophage colony-
stimulating factor (M-CSF) and the receptor activator of nuclear factor-
kappa beta (RANK) ligand (RANKL), produced by osteoblasts
(Pietschmann et al., 2016; Seeling and Nimmerjahn, 2015). In parti-
cular, M-CSF aided by transcription factor PU.1 is responsible for
driving the commitment of osteoclast progenitor cells (Seeling and
Nimmerjahn, 2015). Whilst M-CSF stimulates proliferation of osteoclast
precursors and upregulates RANK expression, PU.1 positively regulates
the transcription of M-CSF receptor Colony stimulating factor 1 re-
ceptor, namely, ¢ — Fms (Seeling and Nimmerjahn, 2015). Osteoporotic
hormones such as 1,25 dihydroxyvitamin D3 (1,25(0H), Dj3), para-
thyroid hormone (PTH) and prostaglandin E2 (PGE2) are responsible
for upregulating expression of RANKL (Pietschmann et al., 2016;
Seeling and Nimmerjahn, 2015).

Though the RANK/RANKL pathway represents the central process
through which bone loss is regulated, there exist additional costimu-
latory pathways that are capable of modifying the net outcome re-
sulting from bone remodelling. Osteoblast regulation of osteoclasto-
genesis  additionally occurs through: interactions between
immunoglobulin like receptors associated with immunoreceptor tyr-
osine based activation motif (ITAM) harbouring adaptor molecules
(such as DNAX activating protein of 12KDa, known as DAP12 and Fc
receptor common gamma subunit); via interactions between sema-
phorin 6D and its receptor plexin Al; and interactions between ephrin
receptor B4 and ephrin B2 newly identified protein mediators of os-
teoblast — osteoclast interactions (Chen et al., 2017; Koga et al., 2004;
Jones, 2015).

Additionally, a number of other cytokines are also reported to play a
role in osteoclastogenesis. For example, tumor growth factor beta
(TGFP) is implicated in the enhanced recruitment of osteoblast pro-
genitor cells to sits of bone resorption, whilst, tumor necrosis factor-o
(TNF-a), is believed to facilitate the trafficking of osteoclast precursors
from bone marrow to lymphoid organs (Pietschmann et al., 2016;
Caetano-Lopes et al., 2009). RANKL expression which plays a central
role in osteoclast biology, has also been observed on various subsets of
proliferative T cells (CD8 and CD4, Th (helper) 1 and Th2 cells) as well
as Forkhead box p3 (Foxp3) expressing regulatory T (Treg) cells
(Pietschmann et al., 2016; Caetano-Lopes et al., 2009). Similarly,
RANKL is also expressed on B lineage cells (i.e. B220 + cells that in the
bone marrow represent multiple populations of early B cells precursors,
immature B cells and mature B cells) (Pietschmann et al., 2016; Schett
and David, 2010). The latter observations suggest a pro-osteoclasto-
genic and bone resorption role for these immune cells.

Additionally, osteoblast differentiation is achieved by the co-
ordinated activity of runt related transcription factor 2/core binding
factor alpha 1 (RunX2/cbfal) and distal-less homeobox 5 (DIx5) which
carry out integral transcriptional regulation for the conversion of bone
marrow mesenchymal stem cells to osteoprogenitors cells (Nakashima
et al., 2002). The latter occurring following commitment of MSc to-
wards osteo/chrondo progenitor outcome driven by the Wingless (Wnt)
pathway and a number of bone morphogenetic proteins (BMP)
(Nakashima et al., 2002). Subsequently, a zinc finger containing tran-
scription factor operating downstream of RunX2 termed osterix that is
predominantly expressed in bone and cartilage provides additional
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Table 1
Immune cells implicated in regulation of bone remodelling.
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Immune cell

Role in bone remodelling

Macrophage colony stimulating factor (M-CSF)

Receptor activator of nuclear factor-kappa B (RANK)
Colony stimulating factor 1 receptor
(c — Fms)
Receptor activator of nuclear factor-kappa B ligand (RANKL)

Osteoprotegerin (OPG) also known as osteoclastogenesis inhibitory factor
(OCIF)

Interleukin — 17 (IL-17)

Interleukin - 7 (IL-7)

Interleukin — 23 (IL-23)

Interleukin - 27 (IL-27)

Interleukin - 6 (IL-6)
Monocyte chemoattractant protein — 1 (MCP-1)

Interferon gamma (IFN-y)

Interleukin - 12 (IL-12)
Interleukin — 10 (IL-10)
Tumor necrosis factor alpha (TNFa)

B cells

Transcription factors

Nuclear factor kappa beta (NFx[3)

The Wingless (Wnt) Family of Glycoproteins

Homodimeric glycoprotein derived from osteoblasts as well as bone marrow stromal cells.
Binds high affinity receptors expressed on cells of the monocyte/macrophage lineage acting as
a cofactor for RANKL in the proliferation, differentiation and survival of osteoclast progenitor
cells.

Receptor for RANKL expressed o osteoclast precursors.

Receptor for M-CSF expressed o osteoclast precursors.

Key factor for maturation, proliferation and fusion of pre-osteoclasts as well as osteoclast
activation and survival. RANKL interacts with its receptor RANK activating signalling by
recruting adaptor molecules belonging to the TNF receptor associated factors (TRAF) family.
Binding of TRAF6 to RANK induces trimerization of TRAF6 leading to activation of nuclear
factor kappa beta (NFkf), and mitogen activated protein kinases (MAPKs). NFkf} upregulate
transcription of several genes amongst them, the master regulator of osteoclastogenesis nuclear
factor of activated T cells cytoplasmic 1 (NFATc1) as well as additional cofactors i.e.
transcription factor complex AP-1 which is composed of c-Fos, critical for osteoclastogenesis.
AP-1 activation along with calcium signalling further induce NFATc1 transcription, allowing
its amplification. In cooperation with AP-1, PU.1, NFkf and MITF, NFATc1 regulates the
transcription of several target genes involved in osteoclast differentiation and function. RANKL
additionally induces T lymphocyte expression of PI cytokines interleukin (IL)-6 and IL-1 and T
lymphocyte growth and differentiation factors (IL-12 and IL-15).
Soluble glycoprotein that opposes RANK by acting as a competitive decoy receptor for RANKL.
Balances RANKL activity protecting skeleton from excess bone resorption by binding to RANKL
and preventing its binding to RANK.
Expressed on T helper cells (Th17). Induces osteoclast function supporting cells, i.e. synovial
macrophages to release tumor necrosis factor alpha (TNFa) and IL-1 as well as upregulates
fibroblast and osteoblast expression of RANKL, subsequently promoting bone resorption.
Promotes osteoclastogenesis by upregulating T and B cell derived RANKL. Lowers tolerance of
T cells to weak antigenic responses, stimulating precursor expansion, thymic export and
peripheral expansion of T cells. Additionally, increases T cell production of IL-1 and TNF-a.
Also involved in B cell expansion.
Produced by activated dendritic cells and macrophages. Controversial role in bone erosion.
Research suggests a role for this cytokine as a stimulus to IL-17 as well as acts as a direct
stimulant of osteoclast formation.
Acts as an anti osteoclastogenic cytokine. Suppresses osteoclastogenesis both through a direct
effect on osteoclasts decreasing their ability to differentiate into fully mature resorbing cells by
abrogating RANKL mediated induction of NFATc1 and supressing proximal RANK signalling as
well as indirectly through action on T helper cell subsets where it favours differentiation of Th1
and regulatory T cells whilst decreasing the differentiation of Th17 cells.
Classic bone resorbing pro-inflammatory cytokine. Suppresses osteoblast function whilst
upregulating osteoclasts in the presence of RANKL. Stimulates RANK expression by osteoblasts.
Recruits preosteoclasts to bone surface.
Down regulates expression of OPG on osteoblasts.
Controversial effect on osteoclast activity and formation. Behaves as an anti osteoclastogenic
cytokine in mouse models, however some human studies have suggested IFN-y stimulates bone
resorption.
Negative regulator of osteoclastogenesis.
Negative regulator of osteoclastogenesis.
Stimulate osteoclast development and function directly and indirectly.
Facilitates trafficking of osteoclast precursors from bone marrow to lymphoid organs as well as
rendering them more susceptible to further differentiation into osteoclasts by increasing
production of M-CSF by bone marrow stromal cells and decreasing the release of OPG as well
as stimulating IL-1f secretion and inducing production of IL-6.
TNFa is able to directly stimulate osteoclastogenesis in the presence of M-CSF by stimulating
the activation of NFkf, mainly through TRAF2.
Active regulators of RANK/RANKL/OPG system. Key effector role in basal bone homeostasis,
osteoclast formation and the regulation of bone resorption. B cells express both RANKL and
OPG.
The differentiation of osteoblasts from mesenchymal stem cells and osteoclasts from myeloid
precursor cells that also originate a variety of other cells requires the activity of transcription
factors expressed at specific time points during differentiation in turn defining various
developmental stages of osteoblastogenesisand osteoclastogensis
Released by osteoclast precursors. Translocates to the nucleus where it upregulates cofactors
that induce osteoclastogenesis and PI transcription factors. Required for NFATc1 induction.
Family of glycoproteins that upon engaging various membrane receptors activate numerous
pathways that are either dependent on or independent of beta () catenin, both capable of
promoting differentiation of osteoblast progenitors into mature osteoblasts as well as
regulating osteoclastogenesis.
In particular, Wnt5a binds to two different osteoclast precursor receptor complexes.
Binding of one of those complexes, namely, frizzled and low density lipoprotein receptor
related protein 5/6 (LRP 5/6) by Wnt5a acts through B cantenin to produce signalling for
osteoblastogenesis.
Binding of Wnt5a to the other complex, receptor tyrosine kinase like orphan receptor 2 (Ror 2)
appears to increase RANK expression in osteoclasts, sensitising them to RANKL.
Wnt10b shifts commitment of mesenchymal cells towards osteo/chondro progenitor outcome,
(continued on next page)
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Table 1 (continued)
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Immune cell

Role in bone remodelling

TRAIL

Interleukin — 1 (IL-1)

Interleukin - 11 (IL-11)
T cells

CD137 (Cluster of Differentiation 137)

Sclerostin (SOST)

Dickkopf 1 (DKK-1)

Interleukin — 4 (IL-4)

Interleukin — 3 (IL-3)
Interleukin — 15 (IL-15)

Interleukin - 8 (IL-8)

Growth factors

Osteopontin

Interferon beta (IFNP)

Immunoglobulin (Ig) like receptors associated with immunoreceptor tyrosine
based activator motif harbouring adaptor molecules (DAP12 and Fcy)

Tumor growth factor beta (TGFf)

as well as inhibits preadipocyte commitment by suppressing adipogenic transcription factors
CCAAT enhancer binding protein alpha (C/EBPa) and peroxisome proliferator activated
receptor (PPARY) along with inducting osteoblastogenesis factors RunX2, DIx5 and Osterix.
High levels of Wnt signalling in the presence of RunX2 then promotes osteoblastogenesis at the
expense of chondrocyte differentiation.

Expressed on osteoblasts. In normal conditions weakly sensitive to apoptotic effects, however
in inflammatory conditions can affect osteoblast by stimulating their apoptosis in turn
resulting in decreased bone formation and subsequently impairing bone remodelling.

Potent stimulator of bone resorption and inhibitor of bone formation. IL-1 acts by increasing
RANKL and MCSF expression in turn upregulating the effect of TNF-a in turn promoting
osteoclast differentiation. Additionally IL-1 decreases OPG mRNA expression mediated
through PGE2 induction. In addition, it promotes fusion of osteoclast precursors as well as
prolongs survival of mature osteoclasts.

IL-1 synergises with RANKL to induce osteoclastogenesis and bone resorption, probably by
stimulating TRAF6.

Bone resorption cue that stimulates osteoclastogenesis in a manner similar to IL-6.

Potent modulators of bone turnover and are important sources of osteoclastogenic cytokines.
Express RANKL.

Costimulatory member of the TNF receptor family that acts as an important regulator of
immune responses.

Expressed on dendritic cells and osteoclast precursors. CD137L ligation suppresses RANKL
induced osteoclastogenesis by inhibiting the multinucleation process.

Produced mainly by osteocytes, mineralised hypertrophic chondrocytes and cementocytes.
Inhibits the Wnt pathway in turn decreasing osteoblast formation and activity and
consequently decreasing bone formation.

SOST influences the Wnt signalling pathway, favouring bone resorption by binding to LRP 5/6.
Glycoprotein produced by osteoblasts that negatively regulates osteoblastogenesis branch of
Wnt5a signalling.

Additionally activates osteoclast formation.

Negative regulator of osteoclastogenesis.

1L-4 is an important inhibitor of RANKL induction on CD4 + and CD8 + T lymphocytes
following T cell receptor/cluster of differentiation 3 (TCR/CD3) stimulation, (and CD28
mediated costimulation).

Negative regulator of osteoclastogenesis.

Master T cell growth factors.

IL-15 signalling provides costimulatory functions for osteoclast development.

Recruits preosteoclasts to bone surface.

Down regulates expression of OPG on osteoblasts.

Fibroblasts are a large family of proteins comprising 23 different ligands that transduce their
signal through one of four fibroblast growth factor receptors. Fibroblast growth factors (FGF)
initiate condensation of the mesenchyme and proliferation of progenitor cells. In particular,
FGF2 is important for pre osteoblast proliferation and maturation while FGF18 is essential in
mature osteoblast formation. FGFs regulate RunX2 by promoting its activation.

Additionally, FGF23 secreted by osteoblasts and osteocytes is a key regulator of phosphate in
balancing bone ion homeostasis and bone mineralisation.

Cytokine produced by activated T lymphocytes.

Promotes osteoclast attachment to bone matrix via the alpha beta 3 (af3) integrin and CD44
(hyaluronic acid receptor).

Promotes chemotaxis of macrophages and dendritic cells to sites of inflammation.

Functions as a negative feedback regulator that inhibits the differentiation of osteoclasts by
interfering with the RANKL induced expression of c-Fos.

RANKL signalling induced IFNp negative feedback regulation.

Osteoblasts can regulate osteoclast differentiation by interacting with Ig like receptors such as
Osteoclast associated receptor (OSCAR). Phosphorylation of the ITAM sequence in DAP12 or
FcyR resulting after RANK activation, allows recruitment of splenocyte tyrosine kinases (STK)
and the consequent activation of the phospholipase C gamma (PLCy) which in turn triggers
calcium signalling. The latter promotes osteoclastogenesis by activating the calcium/
calmodulin dependent protein kinase type IV (CAMKIV) that in accordance with c-Fos
activation and calcinuem potentiates NFATc1 auto amplification.

Bone morphogenetic proteins (BMP) belonging to TGF( superfamily, are expressed in bone (all
except BMP1) and required for skeletal development and maintenance of adult bone
homeostasis as well as fracture healing.

BMP2 and BMP4 promote osteoblast differentiation and function.

BMPs enhance expression of alkaline phosphatase (ALP), parathyroid hormone related peptide
receptor type 1 (PTHrP), collagen 1 and osteocalcin as well as stimulates the formation of
mineralised bone like nodules. ALP and PTHrP are early markers of osteoblast progenitors that
increase as osteoblasts mature and deposit matrix.

BMP3 inhibits the signal transduced by BMP2 or BMP4 working as a negative regulator of
osteoblast differentiation.

Overexpression of TGF[} also leads to decreased T cell proliferation and production of IFNy as
well as TNFa.

TGFp enhances recruitment of osteoblast progenitor cells to the site of bone resorption.
BMPs and TGFp regulate RunX2 by promoting its activation.
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support for the transition of osteoprogenitors to osteoblasts (Nakashima
et al., 2002). A range of cytokines (i.e., IL-1, IL-6, IL-4, and TNF-a, TGF-
B) are also noted to aid in regulating the differentiation and function of
osteoblasts (Mori et al., 2013). Osteoblasts are therefore also influenced
by immune cells, although the physiological and pathological sig-
nificance and the molecular mechanisms are less well understood than
in the case of osteoclasts. The precise roles attributed to the range of
immune cells implicated in bone remodelling are illustrated in Table 1
below.

Though the majority of studies aimed at understanding bone re-
modelling at the cellular level have mainly focussed on the role of
mature osteoblasts and osteoclasts as well as their respective precursor
cells in mediating bone remodelling, we must acknowledge the growing
recognition of a role for the other two types of cells exhibited in bone,
namely, osteocytes and bone lining cells (Bonewald, 2011). Osteocytes
derive from osteoblasts that remain trapped in the matrix that they are
actively synthesizing during the process of mineralization (Bonewald,
2011; Pajevic, 2009). Osteocytes are historically acknowledged to be
mechanoreceptors, recognising mechanical forces applied on the bone
and transforming this mechanical stimulus into biological signals
(Bonewald, 2011; Pajevic, 2009). Although, our understanding of the
precise manner in which this occurs remains inadequate, the im-
portance of mechanical loading and osteocyte function in bone health
continues to be unveiled (Pajevic, 2009). It is widely acknowledged that
bone adjusts in shape and strength according to mechanical stress
(Florencio-Silva et al., 2015). Mechanical loading is reported to prompt
osteocytes to produce factors that exert anabolic function on bone such
as prostaglandin E2 (PGE2), prostacyclin (PGI2), nitric oxide (NO) and
insulin like growth factor 1 (IGF-1). Alternatively, mechanical un-
loading down regulates the latter anabolic factors and stimulates os-
teocytes to produce sclerostin and Dickkopf wingless signalling
pathway inhibitor 1 (DKK-1), both inhibitors of osteoblast activity as
well as specific factors that stimulate local osteoclastogenesis (osteo-
cytes are key producers of RANKL) (Florencio-Silva et al., 2015). In fact,
recent research has highlighted the observation of osteocytes sur-
rounding fatigue microcracks in bone undergoing apoptosis and the
precise co-localization of these regions containing apoptotic osteocytes
with areas subsequently resorbed by osteoclasts (Pajevic, 2009). It has
therefore been postulated, that the programmed cell death of osteocytes
in fact represents the lay event that initiates bone remodelling (Pajevic,
2009). Subsequently, osteocyte activation and apoptosis are hypothe-
sised to act as chemotactic signals for local osteoclast recruitment
(Florencio-Silva et al., 2015). Osteocytes are additionally implicated in
the control of bone mineral homeostasis through the synthesis and re-
lease of a range of proteins that are of critical importance for the reg-
ulation of phosphorous, namely, fibroblast growth factor 23 (FGF23),
phosphatase regulating gene with homologies to endopeptidase on the
X chromosome (PHEX), matrix extracellular phosphoglycoprotein
(MEPE) and dentin matrix acidic phosphoprotein (DMP1) (Pajevic,
2009). The function of bone lining cells is a lot less clear, however, the
latter appear to play a role in the coupling of bone resorption to bone
formation (Florencio-Silva et al., 2015).

3. The immune system and bone disease

Perturbation of homeostatic bone remodelling resulting in reduced
bone strength and subsequent fracture as a result of accelerated bone
loss is closely linked to bone diseases such as osteoporosis (Takayanagi,
2007). The observation of altered bone composition occurring along-
side diseases characterised by immune dysfunction depicted the earliest
illustrations of an interaction between disturbances in the skeletal
structure and the immune systems. Firstly, low BMD and osteoporosis
are commonly observed amongst individuals living with the Human
Immunodeficiency Virus (HIV), with a recent meta-analysis estimating
HIV positive populations to incur an increased risk of low BMD and
osteoporosis, 6.4 and 3.7 times that of the general population,
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respectively (Cotter and Mallon, 2014; Weitzmann, 2014). Whilst the
use of anti retroviral therapy (ART) and low body weight have been
implicated as causal factors, activated T cells as well as B cell dys-
function have also been implicated in HIV associated osteoporosis
(Cotter and Mallon, 2014). Additionally, rapid bone loss and increased
fracture risk are implicated in a range of autoimmune diseases such as
rheumatoid arthritis (RA), ankylosing spondylitis, psoriatic arthritis
(PSA), inflammatory bowel disease (IBD), and systemic lupus er-
ythematosus (SLE) (Weitzmann, 2014). For example, patients with RA
are reported to have a two-fold increased risk of developing osteo-
porosis, a two to six fold increased risk of incurring a vertebral fracture
and a two to three fold increased risk of suffering a hip fracture when
compared to the general population (Kamen and Alele, 2010). Simi-
larly, epidemiological studies have shown individuals suffering from
SLE to have an estimated prevalence of osteoporosis 20% greater than
that observed amongst their healthy counterparts (Kamen and Alele,
2010). Early onset osteoporosis occurring amongst autoimmune disease
cohorts is linked to a range of factors including the use of medications
such as corticosteroids and cyclophosphamides as well as disease se-
quelae such as decreased functional capacity (Kamen and Alele, 2010).
However, as research has clearly established a role for immune cells in
regulating normal bone remodelling, it seems likely that the dysregu-
lation of the immune system makes a pivotal contribution to the dele-
terious consequences on bone integrity and the subsequent observed
increased osteoporotic risk occurring alongside this group of diseases
(Goldring, 2015). In this regard, it is important to note that the profile
of cytokines noted to be elevated in conditions such as RA and anky-
losing spondylitis characterised by osteoporosis, are the same as those
implicated in bone modulation, such as TNFa and IL-6 (Goldring,
2015). Moreover, animal studies have successfully illustrated that mice
lacking B and T cells exhibit osteoporotic bones whilst bone loss is re-
cognised as a typical presentation in transplant related inflammation (Li
et al., 2007).

The immune mechanisms reported to target bone in autoimmune
disease are said to be complex and diverse (Schett and David, 2010). At
present, majority of existing research has focused on delineating the
role of inflammation in the pathogenesis of skeletal manifestations
observed in osteoporosis. Mediators of inflammation are major reg-
ulators of bone homeostasis as illustrated in Fig. 1 below, and therefore
their involvement in the development of bone pathology is of im-
portance.

During chronic inflammation, the balance between bone formation
and resorption is said to be skewed towards osteoclast-mediated bone
resorption subsequently increasing the risk of fracture (Office of the
Surgeon General (US), 2004). This occurs as various RANKL producing
immune cells, i.e. neutrophils, monocytes, dendritic cells and T lym-
phocytes have the ability to induce osteoclast differentiation
(Pietschmann et al., 2016; Caetano-Lopes et al., 2009; Mori et al.,
2013). Moreover, these cells are also known for producing a variety of
pro-inflammatory cytokines that also contribute to bone damage by
potentiating the effects of RANKL signalling through its receptor RANK
(Pietschmann et al., 2016; Caetano-Lopes et al., 2009; Mori et al.,
2013).

The effects of inflammation on bone have been illustrated in various
animal studies. In mouse RA models, inflammatory cytokines such as IL-
1B, TNF-a, and IL-6 have been observed to activate the signal trans-
ducer and activator of transcription 3 (STAT3) either directly or in-
directly in murine osteoblasts and fibroblasts (Mori et al., 2011). STAT3
activation has been shown to induce the expression of RANKL (Mori
et al., 2011). This is in line with literature describing an osteoclast
driven disturbance of bone homeostasis in RA (Kamen and Alele, 2010).
The critical role of RANKL in osteoporosis pathogenesis is further
supported by studies showing that the genetic deletion of RANKL or its
receptor RANK in animal models of RA protects animals from both
articular and systemic bone loss (Alves et al., 2016). In addition, re-
searchers have illustrated that mice with osteoblast specific
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Fig. 1. Key inflammatory mediators implicated in the regulation of bone remodelling.

overexpression of TGFB2 develop high turnover osteoporosis (Mori
et al., 2011). Observations amongst animal studies supporting a role for
inflammation in osteoporosis are further supported by clinical studies
reporting a correlation between the production of IL-1, IL-6 and TNFa
by peripheral blood monocytes and bone resorption as well as spinal
bone loss amongst healthy pre-and post-menopausal women
(Weitzman, 2013; Brincat et al., 2014; Teitelbaum, 2004; Ginaldi et al.,
2005). In fact, experimental studies have indicated that the proin-
flammatory cytokines IL-1, IL-6 and TNFa are important im-
munoregulatory mediators of bone resorption in both age and oestrogen
deficiency related bone loss at least in part (McLean, 2009; D'Amelio
and Isaia, 2015).

It has become apparent that immune cells are capable of producing
factors that both aid and suppress osteoclastogenesis (Refer to Table 1).
The effect of these cells on bone homeostasis therefore depends on an
altered balance between the expressions of these factors. The ultimate
shift in the balance of bone remodelling towards resorption subse-
quently signifies the presence of an environment that strongly favours
the activity of pro-osteoclastogenic factors. Therefore, the improvement
of therapeutic and diagnostic regimens in osteoporosis depends largely
on our improved understanding of the pathophysiology of this disease.
In this regard, research aimed at uncovering the factors capable of
modulating the risk of osteoporotic fracture is indeed crucial for op-
timal identification of those requiring treatment. This is particularly
relevant in light of the growing prevalence of osteoporosis and the
dangers associated with the resulting fragility fractures. Though re-
search into the role of inflammation in osteoporosis has led to the de-
velopment of novel therapeutic targets, there remains a need to expand
our understanding of the interactions occurring between bone and
immune cells in order to expand our treatment options. Moreover, it
remains to be uncovered whether the same immune factors play the
same role in bone loss in both men and women. Research into the role
of autoantibodies in osteoporotic bone loss therefore presents an op-
portunity to identify major molecular pathways that can be effectively
targeted to improve the treatment of and possibly reverse osteoporosis.
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4. Autoimmunity and osteoporosis

Autoantibodies have been increasingly implicated in the patholo-
gical bone loss characteristic of conditions such as osteoporosis
(Sokolove and Pisetsky, 2016; Harre et al., 2014). Clinical studies
comprising autoimmune disease samples have illustrated the ability of
autoantibodies to induce osteoclast differentiation and activation as
well as alter bone mineral content. In fact, bone destruction in im-
munologically based conditions appears to result not only from in-
flammation, but autoimmunity as well. For example, autoantibodies
such as rheumatoid factor (RF) and anti citrullinated protein (ACPA)
are identified as independent risk factors for the development of bone
erosions and osteoporosis in RA (Sokolove and Pisetsky, 2016; Harre
et al., 2014; Kocijan et al., 2013; Orsolini et al., 2017; Bugatti et al.,
2016). Rheumatoid factors are autoantibodies directed against the Fc
portion of IgG and are frequently found in RA populations (50-90%)
(Ingegnoli et al., 2013; Leslie et al., 2001). The latter are however not
specific for RA and can also be observed in a number of other auto-
immune conditions as well as in 5-10% of healthy populations (Leslie
et al., 2001). The RF most commonly measured is an IgM RF, although
others have been described (Ingegnoli et al., 2013). RF immune com-
plexes are reported to bind to low affinity Fc gamma receptors (speci-
fically, FcyRIIA) displayed on monocytes and macrophages triggering a
cascade of pro-inflammatory events (Mori et al., 2013; Harre et al.,
2014). In fact, Fc receptors make up pivotal elements expressed on the
surface of bone marrow stem cells that control the activation or down
regulation of immune responses (Takai et al., 2012; Takai, 2005). An-
imal studies have successfully illustrated that FcyR1, FcyRIIA, FeyRII
and FcyRIV are activating receptors signalling through ITAM bearing
FcyRs (Takai et al.,, 2012). On the other hand, inhibitory FcyRIIB
mediates its downstream signalling through immunoreceptor tyrosine
based inhibitory motif (ITIM) phosphorylation with subsequent coun-
teraction of the activating FcyRs or other ITAM bearing receptors (Takai
et al.,, 2012). Hematopoietic cells expressing Fcy receptors include
human osteoclasts and their myeloid precursors (Takai, 2005). FcyRs
are reported to mediate intracellular signalling following crosslinking
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of their receptors through binding of immune complexes (Takai et al.,
2012; Takai, 2005). Research has successfully illustrated the ability of
activating Fcy receptors to stimulate osteoclastogenesis following their
crosslinking (Takai, 2005). Activation of FcyR leads to phosphorylation
of phospholipase Cy (PCy) and calcium dependent activation of nuclear
factor of activated T cells c1 (NFATc1), both costimulatory factors of
osteoclastogenesis (Takai, 2005). It is therefore possible that RF med-
iates their effect by upregulating osteoporotic resorption through FcyR
signalling.

Alternatively, ACPA autoantibodies are directed against modified
proteins in which arginine residues have been transformed into citrul-
line by peptidilarginine deiminase and are highly specific for RA, de-
tected in ~70% of sufferers (Leslie et al., 2001; Johansson et al., 2016).
The main antigenic targets for ACPAs include citrullinated forms of
fibrinogen, alpha-erolase and vimentin (Harre et al., 2014). Their role
in pathological bone modification is supported by observations of ACPA
autoantibody positive subjects incurring a decrease in cortical bone
mass associated with the presence of the latter autoantibody prior to the
onset of RA (Kleyer et al., 2014). In this regard, citrullinated fibrinogen
and ACPA immune complex formation has been demonstrated to sti-
mulate TNFa production (Harre et al., 2014). Alternatively, direct
TNFa production is additionally initiated via binding of monomeric
ACPA to citrullinated proteins on macrophages independent of immune
complex formation (Harre et al., 2014). TNFa is a critical regulator of
bone homeostasis through its ability to facilitate the trafficking of os-
teoclast precursors from the bone marrow to the lymphoid organs as
well as render then more susceptible to further differentiation into os-
teoclasts (Harre et al., 2012). In RA, IgM RF has been shown to enhance
the capacity of ACPA immune complexes (ACPA-ICs) to stimulate
macrophage cytokine production, in turn enhancing the pathogenicity
of ACPA-ICs in RA (Sokolove et al., 2014).

In addition, ACPA is reported to directly induce formation and ac-
tivation of osteoclasts in animal models even in the absence of chronic
inflammation (Harre et al., 2012; Schett and Gravallese, 2012). This
independent role for autoantibodies in pathologic bone modification is
supported by studies illustrating the ability of ACPAs with specificity
for vimentin to stimulate systemic bone loss and osteoclast formation
following adaptive transfer into mice in an experimental setting that
excluded the interference of other RA specific factors (Harre et al.,
2012). Osteoclasts as well as their precursors express citrullinated vi-
mentin on the cell surface; making them a direct target for ACPA
mediated activation in turn triggering osteoclastogenesis and bone re-
sorptive activity (Harre et al., 2014; Harre et al., 2012). The association
between ACPA and bone destruction is not confined to RA with ACPA
linked to bone destruction in PSA and SLE as well (Budhram et al.,
2014; Behrens et al., 2016; Kocijan et al., 2014). The prevalence of
ACPA has been noted to vary across various autoimmune disease states
with differing subsets of articular diseases. On the basis of existing
literature, on average 7-13% of patients suffering from PSA are de-
termined to be seropositive for ACPA (Vander Cruyssen et al., 2005;
Alenius et al., 2006). Similarly, ACPA often distinguishes SLE patients
with erosive disease as these autoantibodies are prevalent (20%) in this
type of arthritis compared with other forms where they appear to be
less prevalent (0-2%) (Taraborelli et al., 2012).

To date, ACPA has garnered majority of the attention for its asso-
ciation with reduced BMD, despite research also pointing to a potential
role for RF in osteoporosis development. Though RF is often considered
to act primarily as an enhancer of bone loss in ACPA positive patients,
studies have highlighted the presence of more profound changes to
trabecular bone architecture amongst individuals seropositive for RF
autoantibodies when compared to their seronegative counterparts
(Kocijan et al., 2014; Steenberg et al., 2014). In fact, research has
successfully established that RF in ACPA negative patients was indeed
associated with more severe erosive disease as well as confirmed its
additive effect on bone erosion in ACPA positive patients (Steenberg
etal., 2014). The latter observations are therefore strongly suggestive of
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a direct role for both ACPA and RF in bone destruction.

Another group of autoantibodies observed to occur in RA patients
and implicated in osteoporosis are autoantibodies against osteoprote-
gerin (OPG). The latter autoantibodies are said to neutralise the effect
of bone regulatory cytokine osteoprotegerin (Real et al., 2015). As
highlighted in Table 1, OPG acts as a decoy receptor for RANKL leading
to the inhibition of osteoclast differentiation and subsequently reducing
bone resorption. The importance of this pathway in bone metabolism is
demonstrated by studies illustrating the effective treatment of osteo-
porosis via the pharmacological blockade of RANKL coupled with ob-
servations of raised bone turnover and multiple fractures occurring
amongst individuals with loss of function mutations of OPG (McClung,
2007). Similarly, anti OPG autoantibodies are associated with the de-
velopment of high bone turnover osteoporosis (Hauser et al., 2015;
Zhao et al., 2016). However, not all studies support a role for these
autoantibodies in the pathogenesis of bone disease (Larussa et al.,
2012).

Additionally, immunoglobulin (Ig) A anti endomysial auto-
antibodies (EMA) have been implicated in the reduced BMD levels
characteristically present in celiac disease patients, with more than one
quarter of celiac disease sufferers presenting with osteoporosis (Scott
et al., 2000). Antibodies targeting endomysium, the perivascular con-
nective tissue lining smooth muscle bundles, are serological markers of
celiac disease and act as a measure of mucosal response and dietary
compliance (James and Scott, 2000). It has recently been suggested that
the target antigen in endomysium is tissue transglutaminase (TTG)
(James and Scott, 2000; Brusco et al., 1999; Farrace et al., 2001). When
it reacts with gliadin, neoepitopes are formed (Seissler et al., 2001). It is
thought that the immunological response to these neoepitopes may
initiate the mucosal damage in coeliac disease (Seissler et al., 2001).
Though their role in celiac disease is widely recognised, contradictory
observations exist surrounding the potential role played by these au-
toantibodies in pathological bone density (West et al., 2007). None-
theless, we cannot disregard the possibility that these autoantibodies
are an additional mechanism through which decreased bone mass oc-
curs in celiac disease. This is further supported by observations of in-
creased anti EMA seroprevalence amongst a premenopausal non-celiac
female sample with low BMD (Heikkild et al., 2015).

Moreover, research has also uncovered the presence of a sig-
nificantly higher rate of anti bone autoantibodies, in a subgroup of
celiac disease sufferers (Duerksen and Leslie, 2010). These auto-
antibodies were reported to recognise bone TTG as the autoantigen of
interest and their titres subsided following the adoption of a gluten free
diet (Sugai et al., 2002). Similarly, anti TTG autoantibodies are also
highly implicated in bone disease. In a study comprising a large cohort
of middle-aged or older women without previously known osteoporosis,
anti TTG autoantibodies were observed to significantly associate with
low BMD as well as be indicative of higher fracture frequency (Agardh
et al.,, 2009). Moreover, a recent prospective study of a large adult
population sample of celiac disease sufferers showed that study parti-
cipants positive for anti TTG autoantibody had a higher risk of hip
fracture compared to negative counterparts up to 3 decades later in-
dependent of age, sex, body mass index, vitamin D, gamma-glutamyl
transferase, smoking, and self-rated health (Heikkila et al., 2015). In
fact, similar to ACPA, anti TTG autoantibodies are associated with os-
teoporosis not only in celiac disease, but in ankylosing spondylitis and
psoriatic arthritis as well (Teichmann et al., 2010). More recently, a
biological role for anti TTG autoantibodies in bone disease in the ab-
sence of celiac disease was illustrated in a population based prospective
study that reported lower BMD and reduced growth trajectories in anti
TTG autoantibody positive children not previously diagnosed with ce-
liac disease (Jansen et al., 2015). Similarly, findings from other epi-
demiological studies comprising adult populations suggest that osteo-
porosis and low BMD are common in individuals with increased
circulating concentrations of anti TTG or EMA, regardless of whether or
not they had gastrointestinal symptoms of celiac disease, villous
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atrophy, or evidence of malabsorption (Dickey et al., 2005; Kurppa
et al., 2010; Mustalahti et al., 1999).

TTGs are a widely distributed class of enzymes that stabilise protein
assemblies by catalysing the calcium ions (Ca®*) dependent formation
of isopeptide bonds (Kaartinen et al., 2002). In bone TTG enzymes are
reported to play an important role in the maturation of the extracellular
matrix of bone into a biological substrate capable of mediating cell
attachment, and inducing as well as regulating mineralisation
(Kaartinen et al., 2002). Only tissue transglutaminase 2 (TTG2) and
factor 13 a (FXIIIA) have been detected in the cartilage and bone ex-
pressed by osteoblasts (Cui et al., 2014). FXIIIA is the main active TTG
orchestrating matrix crosslinking during matrix deposition by osteo-
blasts (Cui et al., 2014). In particular, FXIIIA secretion has been shown
to facilitate collagen type 1 (COL 1) and fibronectin (FN) matrix as-
sembly and stabilization, with inhibition of TTG activity from cell
culture serum observed to significantly decrease FN matrix assembly as
well as affect both the quantity as well as the quality of type 1 collagen,
result in impaired lysyl oxidase and alkaline phosphatase activity and
lead to decreased osteoblast mineralisation (Aeschlimann and Paulsson,
1994). In addition, to COL1 and FN, bone matrix also contains several
other non-collagenous proteins that have been observed to act as sub-
strates of TTG in vitro, i.e., osteopontin, osteonectin and fibrulin-1
(Kaartinen et al., 2002). Their structures are also modulated by TTG
crosslinking activity and this may contribute to their function in bone
matrix assembly and bone cell function (Kaartinen et al., 2002). Re-
cently, a role for TTG2 as well as FXIIIA in resorption was highlighted in
a study demonstrating compromised biomechanical properties and
trabecular bone loss in the axial and appendicular skeleton of mice
lacking TTG2 and FXIII-A transglutaminases, reported to result from
increased osteoclastogenesis, a cellular phenotype that persists in vitro
(Mousa et al., 2017). Moreover, increased potential of TTG2 and FXIII-A
deficient monocytes to form osteoclasts was reversed by chemical in-
hibition of TTG activity, which revealed the presence of TTG in os-
teoclasts (Mousa et al., 2017). Interestingly, chemical inhibition of TTG
activity significantly increased RANKL expression as well as upregu-
lated TTG1 expression in osteoclasts (Mousa et al., 2017). The findings
of this study presented a novel function for TTG in bone cells by
identifying them as regulators of RANKL production and myeloid and
MSC cell differentiation (Mousa et al., 2017). Collectively, the latter
provide crucial evidence for TTG enzyme activity in bone remodelling.
It is therefore possible that autoantibodies targeting this antigen con-
tribute towards osteoporotic pathophysiology through the inactivation
of TTG, which would have serious implications for bone homeostasis.

It is widely acknowledged that exposure to tobacco smoke is con-
sidered a risk factor for the development of autoimmune phenotypes
(Costenbader and Karlson, 2006). In the same manner smoking asso-
ciated lung diseases are also linked to many systemic abnormalities
including osteoporosis (Cielen et al., 2014). Adaptive immune re-
sponses against a variety of autoantigens have been proposed as the
means through which individuals exposed to cigarette smoke develop
abnormal and often pathological bone demineralisation (Demoruelle
et al., 2014). A recent study aimed at identifying antigen specific au-
toimmune responses relevant to both emphysema and osteoporosis
amongst smoke exposed subjects reported that study participants ex-
hibited autoantibodies to GRP78, an endoplasmic reticulum molecular
chaperone highly expressed in lungs (Bon et al., 2014). The patho-
genicity of anti GRP78 IgG autoantibodies in smokers is at least implied
by the stringent, independent and overlapping associations of this
specific autoantibody with concurrent emphysema, osteoporosis and
increased bone turnover (Demoruelle et al., 2014). Moreover, abnormal
autoantibody response to GRP78 has been associated with the patho-
genesis of RA with serum anti GRP78 autoantibodies detected in up to
63% of RA patients (Park et al., 2014).

Glucose regulated protein 78 (GRP78) also referred to as im-
munoglobulin heavy chain binding protein (BiP) is a chaperone protein
belonging to the Heat Shock Protein 70 (HSP70) family and residing
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primarily in the lumen of the endoplasmic reticulum (ER) (Park et al.,
2014; Panayi and Corrigall, 2014). The ER is the site of biosynthesis for
all proteins with the lumen hosting a unique environment critical for
proper folding of proteins destined for secretion and display on the cell
surface (Navid and Colbert, 2017). BiP requires an ER environment
comprising high Ca®™ for its efficient functioning (Park et al., 2014;
Panayi and Corrigall, 2014). The absence of the latter can lead to in-
appropriate secretion, aggregation and degradation of unassembled
proteins (Park et al., 2014; Panayi and Corrigall, 2014). Subsequent
increased concentrations of unfolded or misfolding proteins results in
ER stress (Panayi and Corrigall, 2014). During ER stress, GRP78 cell
surface expression is upregulated and triggers a coordinated adaptive
program termed the unfolded protein response (UPR) responsible for
maintaining ER homeostasis (Park et al., 2014; Panayi and Corrigall,
2014; Navid and Colbert, 2017). GRP78 propagates UPR signalling
through three ER localised protein sensors, namely, inositol-requiring
transmembrane kinase endoribonuclease 1 alpha (IREIa), double
stranded ribonucleic acid dependent protein kinase like ER kinase
(PERK) and activating transcription factor 6 (ATF6) (Bravo et al.,
2013). In the resting state, GRP78 binds the N termini of IREIa, PERK
and ATF6 preventing their activation, however upon activation, GRP78
binds to unfolded or misfolded proteins, and it releases IREIa, PERK
and ATF®6 in turn triggering UPR (Bravo et al., 2013). The intrinsic ri-
bonuclease activity of IREIa results in the production of XBOX binding
proteinl (XBP-1), a transcription factor that induces the expression of
genes involved in restoring protein folding or in degrading unfolded
proteins (Bravo et al., 2013; Tohmonda et al., 2015). The IREIa/XBP-1
pathway is the most evolutionarily conserved branch of the UPR, pos-
sessing additional functions not directly related to UPR, including the
regulation of innate immunity, energy metabolism and cell differ-
entiation (Tohmonda et al., 2015; Boot-Handford and Briggs, 2010).
Research has highlighted that IREIa/XBP-1 pathway is transiently ac-
tivated during osteoclastogenesis (Tohmonda et al., 2015). Notably,
XBP-1 functions as a transcription factor for the NFATcl gene, the
master regulator of osteoclastogenesis (Tohmonda et al., 2015). More-
over, professional secretory cells such as antibody producing lympho-
cytes, chondrocytes, osteoblasts and fibroblasts are particularly sus-
ceptible to ER stress induction, which is a recognised component of the
disease process in inflammatory conditions such as RA (Navid and
Colbert, 2017). Nonetheless, the relevance of the generation of patho-
genic antibodies to GRP78 as well as the direct contribution of anti
GRP78 antibody - anti GRP78 complex to pathogenic bone loss char-
acteristic of osteoporosis remains unclear.

Further evidence of the deleterious effects of anti GRP78 auto-
antibodies, however, lies in research illustrating the ability of patient
derived anti GRP78 autoantibodies to activate monocyte lineage pha-
gocytes and enhance their production of injurious mediators that are
implicated in the development of osteoporosis (Kim et al., 2008;
Lorenzo et al., 2008; Gosselink et al., 2010; Van Kempen and Coussens,
2002; Sundaram et al., 2007). In particular, anti GRP78 autoantibodies
have been shown to increase circulating levels of IL-8 and monocyte
chemoattractant protein — 1 (MCP-1), which are potent chemo-attrac-
tants of neutrophils and monocytes/macrophages and mediators of
osteoclastogenesis (Kim et al., 2008; Lorenzo et al., 2008). Additionally,
increased production of matrix metalloproteinase 9 (MMP-9) involved
in the breakdown of extracellular matrix in normal physiological pro-
cesses such as tissue remodelling has also been illustrated to occur in
response to anti GRP78 autoantibodies (Gosselink et al., 2010; Van
Kempen and Coussens, 2002; Sundaram et al., 2007). It is possible that
the cumulative effect of this increased inflammatory environment is one
proposed mechanism through which these autoantibodies lead to os-
teoporosis.

Other autoantibodies linked to bone disease and fragility fractures
in existing literature, are anti-nuclear autoantibodies (ANA) and
thyroid autoantibodies. Anti centromere and anti topoisomerase 1 (anti
SCL70) autoantibodies have been observed to correlate with decreased
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BMD at various sites (Marot et al., 2015; Ibn Yacoub et al., 2012). reinforces the notion that autoimmunity represents an important driver
Furthermore, a recent prospective study identified anti double stranded in pathogenic bone loss, in turn providing support for further research
deoxyribonucleic acid (anti dsDNA) as an independent predictor of to enable definitive conclusions to be drawn.
higher 10 year probability of hip fracture in SLE patients (Mak et al., Additionally, the mechanisms through which autoantibodies may
2013). Similarly, anti thyroglobulin (anti TG) and anti-thyroid perox- mediate their effects remain poorly understood. Autoantibodies may
idase (anti TPO) autoantibodies have all been associated with an in- play a role in inflammatory driven osteoporosis; however, research
creased risk of fragility fractures in post-menopausal women in- suggests an independent function for these immune markers in the
dependent of other known risk factors (age, menopausal age, BMI, deterioration of bone structure and resulting fragility fractures. The role
thyroid hormones) (Lambrinoudaki et al., 2017). As the studies sur- played by autoantibodies in mediating immune processes driving os-
rounding the role played by these autoantibodies in pathogenic bone teoporosis pathogenesis carries significant implications for better ske-
loss are few, even less is known of their mechanisms of action in os- letal preservation by reducing fracture rates and increasing BMD, par-
teoporosis pathogenesis. Nonetheless, these studies provide further ticularly amongst older, postmenopausal females known to be at a
support for a role for autoantibodies as mediators of bone diseases such significantly greater risk of developing this disabling condition.
as osteoporosis. Furthermore, research has revealed the occurrence of preferential al-
teration of bone tissue when comparing the deterioration of micro-
5. Conclusion architecture between trabecular and cortical bone. However, the in-
fluence of the immune system of differing bone tissue remains poorly
It is important to note that majority of the studies discussed in this understood. There is therefore a clear need for prospective based po-
review consisted of clinically autoimmune samples. It is therefore ap- pulation studies aimed at not only ascertaining the impact of auto-
parent there exists a shortage of studies examining the potential role antibodies on accelerated bone loss characteristic of osteoporosis, but to
autoantibodies play in causing bone diseases such as osteoporosis in the understand the differing effects of autoimmune processes on differing
absence of clinical autoimmune disease. Nonetheless, this review bone tissue between anatomic sites as well.

Appendix A. Classification of osteoporosis

Type of osteoporosis Characteristics
Primary osteoporosis Historically classified as postmenopausal or senile osteoporosis.
(or idiopathic Affects 80% of women and 60% of men with osteoporosis.
osteoporosis) Multifactorial, resulting from a combination of factors including nutrition, peak bone mass, genetics, level of physical

activity, age of menopause (spontaneous vs. surgical), and age related decrease in bioavailable testosterone for men
and oestrogen for both men and women.

- Postmenopausal osteoporosis (formerly Type 1 osteoporosis) occurs in post-menopausal women aged 51-75 years and
is related to oestrogen deficiency seen to occur during the menopausal transition. Characterised by accelerated and
disproportionate trabecular bone loss and associated with vertebral body and distal forearm fractures (oestrogen
withdrawal effect). For women, the age related steady decline in bioavailable oestrogen is superimposed on
menopause related oestrogen loss.

- Involutional osteoporosis (Type II osteoporosis): occurs in both men and women. Characterised by both trabecular and
cortical bone loss and associated with fractures of the proximal humerus and tibia, femoral neck, and pelvis.

Secondary osteoporosis  Affects 20% of women and 40% of men with osteoporosis. Describes osteoporosis that exists as a common feature of
another disease process, heritable disorder of connective tissue, or drug side effect.
Secondary osteoporosis is reported to represent the central cause of majority (> 65%) of fractures occurring in men.

N/B
In women, postmenopausal osteoporosis is often followed by a slower and sustained bone loss due at least in part to secondary hyperparathyroidism.
Men undergo a slow age related bone loss in primary osteoporosis that often begins by the 6th decade.
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