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Abstract

Dysregulated bone remodeling occurs when there is an imbalance between bone resorption and
bone formation. In rheumatic diseases, including rheumatoid arthritis (RA) and seronegative
spondyloarthritis, systemic and local factors disrupt the process of physiologic bone remodeling.
Depending upon the local microenvironment, cell types, and local mechanical forces,
inflammation results in very different effects on bone, promoting bone loss in the joints and in
periarticular and systemic bone in RA and driving bone formation at enthesial and periosteal sites
in diseases such as ankylosing spondylitis (AS), included within the classification of axial
spondyloarthritis. There has been a great deal of interest in the role of osteoclasts in these
processes and much has been learned over the past decade about osteoclast differentiation and
function. It is now appreciated that osteoblast-mediated bone formation is also inhibited in the RA
joint, limiting the repair of erosions. In contrast, osteoblasts function to produce new bone in AS.
The Wnt and BMP signaling pathways have emerged as critical in the regulation of osteoblast
function and the outcome for bone in rheumatic diseases, and these pathways have been implicated
in both bone loss in RA and bone formation in AS. These pathways provide potential novel
approaches for therapeutic intervention in diseases in which inflammation impacts bone.
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Introduction

Inflammatory rheumatic diseases have the ability to disrupt the normal process of coupled
bone remodeling, in which osteoclasts resorb bone to maintain skeletal integrity and
osteoblasts produce osteoid, which is subsequently mineralized to replace resorbed bone. In
this review, we will focus on rheumatoid arthritis (RA) as a prototype of inflammatory
arthritis that affects articular and periarticular bone, as well as bone in the axial and
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appendicular skeleton. We will compare and contrast the effects of inflammation on bone in
RA with those in the rheumatic diseases categorized as seronegative spondyloarthritis (SpA).
The effects of inflammation on bone in these latter diseases share some similarities with
those in RA, especially at articular sites, but in axial SpA, the effects of inflammation on
periosteal bone are quite distinct, raising important questions about the local bone
microenvironments, contributing cell types and factors and the effects of local mechanical
stressors to the ultimate outcome for bone.

Three forms of altered skeletal remodeling have been identified radiographically in patients
with RA [1-3]. Joint margins are a site at which the inflamed synovium is in direct contact
with bone, resulting in the bone “erosions” characteristic of RA. Similar articular erosions
are seen in other inflammatory arthritides. Periarticular bone is also altered in RA, likely due
to effects of cytokines and factors being expressed in neighboring joints. Finally, systemic
osteopenia or osteoporosis involving the axial and appendicular skeleton remote from
synovial inflammation is seen in patients with RA [4, 5]. Although systemic bone loss will
not be covered in this review, it is likely that pro-inflammatory cytokines and other factors
derived from inflamed synovial tissues enter the systemic circulation and mediate effects on
bone at these distal sites.

RA presents several unique features that directly impact our understanding of bone
remodeling in this disease. In RA patients, there is a phase of autoimmunity that may last 10
years or more, during which patients produce autoantibodies including rheumatoid factor
(RF) and/or anti-citrullinated protein antibodies (ACPAs) [6, 7]. During this initial phase of
autoimmunity, patients are asymptomatic and often unaware of their potential for developing
RA. There is often a brief phase of arthralgia, and expression of serum cytokines increases
prior to the onset of joint inflammation. In addition, increasing ACPA reactivity has been
demonstrated prior to the onset of RA [8], and ACPAs are a strong predictor of joint erosion
[9]. Finally, patients develop clinical disease with the typical symmetrical, inflammatory
arthritis characteristic of RA. It has now been demonstrated that even during the pre-clinical
phase of disease, prior to synovitis, systemic bone loss occurs in ACPA-positive patients
[10], raising very interesting questions regarding the mechanistic role of ACPAs in bone
resorption in this disease.

Over the past decade, a great deal has been learned about the factors and cell types driving
osteoclastogenesis in RA and other inflammatory arthritides [11-15]. Our group and others
have definitively demonstrated that osteoclasts are required for articular bone resorption in
RA. Once formed, erosions do not typically repair [16], even in cases in which inflammation
is well controlled clinically. Thus, attention has turned to the osteoblast and its role in the
process of erosion and erosion repair [17]. It has become evident that the osteoblast is also a
target of inflammation in the rheumatic diseases, playing a role in both the lack of repair of
articular erosions, and in the bone formation seen in axial SpA.

Patients with seronegative SpA, including ankylosing spondylitis (AS), psoriasis, reactive
arthritis, inflammatory bowel disease, and juvenile SpA are termed “seronegative” as they
do not produce RF or ACPAs as seen in RA. These patients often develop erosion of
articular bone, as well as in some cases erosion of the sacroiliac joints. However, in contrast
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to RA, patients with these diseases can also exhibit spinal features in response to
inflammation that are quite distinct from those seen in RA [18]. These diseases have distinct
genetic markers: HLA-B27 is the major genetic risk factor for AS [19] whereas in psoriatic
arthritis, susceptibility associates with several HLA-B and C alleles, and different haplotypes
seem to track with distinct disease manifestations, such as skin disease or arthritis [20]. In
this review, we will focus on the outcomes for bone in AS as an example of diseases
affecting the spine and sacroiliac joints and will discuss the mechanisms that may lead to
these specific effects on bone.

In AS, inflammation affects the spine at enthesial sites where tendons and ligaments insert
into bone. Over time, bone formation occurs, leading ultimately to bony fusion (ankylosis)
of the sacroiliac joints and syndesmophyte formation. This process is associated with
progressive chronic back pain, reduced mobility, and potentially kyphosis. Syndesmophytes,
a hallmark of AS, are new areas of bony growth that are localized to intervertebral disks at
the annulus fibrosis. Syndesmophytes may eventually bridge adjacent vertebral bodies
(“flowing syndesmophytes”), leading to decreased spinal mobility and disability [21]. The
pathobiologic mechanisms regulating bone in seronegative SpA will be addressed, along
with a review of new areas of osteoblast biology that impact bone in these rheumatic
diseases.

Bone Resorption in RA

Over the past decade, the osteoclast has become widely recognized as the cell responsible
for bone erosions in RA. It was first noted that cells expressing an osteoclast marker, tartrate
resistant acid phosphatase (TRAP) were present in subchondral bone in surgical samples
from RA patients [22]. However, TRAP is not a definitive marker of the osteoclast, as it can
be expressed in other cell types including macrophage polycarions. In order to demonstrate
definitively that osteoclasts were present in surgical samples in RA, we used several markers
to identify osteoclasts, including TRAP, cathepsin K and calcitonin receptor, the definitive
marker of a bone-resorbing osteoclast [13]. Large, multinucleated cells were noted not only
in subchondral bone, but also at the pannus-bone interface in these surgical samples. These
cells expressed all of the osteoclast-specific markers examined, placing osteoclasts squarely
at the site of bone erosion. Subsequent studies also showed that osteoclasts were present at
similar sites within erosions in animal models of arthritis [11, 23-25]. Receptor activator of
NF-kB ligand (RANKL) is also required for this process to occur. Inflamed synovial tissues
provide several cellular sources of RANKL, including lymphocytes and fibroblast-like
synoviocytes (FLS). RANKL synergizes with proinflammatory cytokines to promote the
differentiation of osteoclasts from mononuclear precursors in synovial tissues.

We went on to demonstrate that osteoclasts are essential for bone erosion in the K/BxN
serum transfer model of arthritis by demonstrating that mice deficient in RANKL, a factor
required for osteoclast differentiation, do develop arthritis as well as cartilage destruction,
but are protected from bone erosions in the absence of osteoclasts [11]. These findings were
confirmed in a follow-up study in which mice lacking c-fos, a transcription factor essential
for osteoclastogenesis, were crossed with transgenic mice expressing human TNF (hTNFtg)
[12]. These mice are osteoclast deficient and develop a TNF-dependent inflammatory
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arthritis closely resembling RA. Despite the presence of inflammation, the arthritic joints of
these mice were also protected from bone erosion and destruction. Furthermore, blocking
the RANK-RANKL interaction using osteoprotegerin (OPG), the decoy receptor for
RANKL, protected against systemic bone loss in hTNFtg mice [26], as well as arthritic bone
loss in other animal models of arthritis [14, 27].

Inhibition of osteoclast activity in patients with RA has also demonstrated some efficacy in
inhibiting the progression of bone erosion. The bisphosphonate zolendronic acid has been
shown to reduce development of new erosions in the joints of both arthritic mice [28, 29]
and in patients with RA [30]. Furthermore, neutralization of RANKL with the monoclonal
antibody denosumab attenuated bone erosion and loss of hand bone mineral density (BMD)
and systemic bone in RA patients [31-33]. Collectively, these studies have confirmed that
osteoclasts mediate bone erosions in patients with RA and provide a target cell type for the
prevention of articular bone loss.

Osteoclastogenesis is enhanced in the RA joint by several factors. Well known are the effects
of pro-inflammatory cytokines on osteoclastogenesis, but recently, new factors have been
demonstrated to contribute to this process, including autoantibodies and microRNAs.
Cytokines including TNF and interleukin (IL)-1 and IL-17 promote the differentiation of
osteoclast precursors to osteoclasts [34—36] through several mechanisms, including inducing
the upregulated expression of RANKL in osteoblasts. IL-17 [37], as well as TNF in
conjunction with IL-6/sIL-6R [38], induce RANKL expression in FLS. TNF also directly
promotes the differentiation of osteoclast precursor cells, as well as expands the pool of
these precursor cells [39]. In addition, IL-1 directly enhances the ability of osteoclasts to
resorb bone [40] and is a mediator of TNF-induced osteoclastogenesis [34].

The role of IL-6 in osteoclastogenesis is more complex. Although IL-6 induces RANKL on
FLS [38], the effect of IL-6 on osteoclast progenitors is inhibitory rather than stimulatory
[41]. Yoshitake and colleagues demonstrated in vitro that IL-6 directly inhibits the
differentiation of osteoclast progenitors via disruption of RANK signaling pathways [42].
The majority of in vivo data indicate, however, that the net effect of IL-6 is pro-
inflammatory and pro-osteoclastogenic [43—46].

Clinical studies have helped to validate the impact of pro-inflammatory cytokines on
osteoclastogenesis in RA. There is a strong relationship between the presence on MRI
scanning of what has been termed “bone marrow edema” and the subsequent progression of
bone erosions in RA patients [47—49]. The phrase bone marrow edema was coined to reflect
the decreased fat and increased water content seen by MRI in the marrow of arthritic joints.
Histologic analysis of areas of bone edema in animal models of inflammatory arthritis and
of MCP joints from patients with RA has revealed that this MRI finding represents the
replacement of bone marrow fat by inflammatory infiltrates, comprised largely of mature B
cells and activated T cells [47]. Thus, bone marrow edema is better referred to as “osteitis.”
This influx of inflammation into the marrow space introduces cell types that express
RANKL, as well as pro-inflammatory cytokines that further induce osteoclastogenesis and
promote the progression of articular bone erosions. In fact, MRI findings from MCP heads
removed surgically from RA patients were correlated with histologic assessments, revealing
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that osteoclast density on trabecular bone was higher in samples showing osteitis on MRI
than in those without osteitis [50]. The development of biologic agents that can retard or
arrest radiographic progression in RA, including anti-TNF agents [51], IL-6R antagonists
[52], and small molecule agents that block JAK/STAT signaling [53—55], among others, has
revolutionized the treatment of this disease.

Periarticular Bone Loss

Periarticular bone loss is another important feature in patients with RA that results from an
infiltrate of inflammatory cells, with a possible contribution from decreased mobilization.
Periarticular bone lies deep to the “tide mark,” a specialized area of calcified cartilage that is
easily identified by its metachromatic staining pattern, separating hyaline cartilage from the
underlying subchondral bony plate. Deep to the subchondral bone is trabecular, or
cancellous bone, which intercalates with the bone marrow. Periarticular osteopenia is
typically seen in this region in RA and is often an early radiographic finding, present even
before the onset of identifiable marginal joint erosions [56]. Digital X-ray radiogrammetry
has revealed that periosteal bone changes may predict erosive disease [56].
Histomorphometry performed in RA patients undergoing arthroplasty has also revealed
enhanced bone resorption as well as bone formation in this region, identifying this as a
region of increased bone turnover [57].

Autoantibody-Mediated Osteoclastogenesis

Clinical studies have demonstrated that high titers of ACPAs are associated with
radiographic progression in RA patients [58, 59]. Furthermore, ACPAs and rheumatoid
factor together have been shown to have an additive effect on erosion size and number in
patients with RA [60]. Since autoantibodies have been shown to promote inflammatory-
mediated as well as inflammatory-independent bone loss in RA [61], there has been a great
deal of interest in possible mechanisms. Stimulation of mononuclear cells or macrophages
with immune complexes and ACPAs from RA patients results in the production of high
levels of TNF by these cells, contributing to osteoclastogenesis [62—-64]. Recent studies have
shown that autoantibodies not only bind macrophages, but also bind osteoclast precursors.
ACPAs bind citrullinated vimentin on the surface of osteoclast precursors, inducing these
precursors to produce TNF, thus promoting their differentiation to mature osteoclasts [65].
In keeping with this finding, transfer of ACPAs into mice induced release of TNF from
osteoclast precursors, driving osteoclastogenesis and resulting in osteopenia. In addition, Fc
receptors on osteoclast precursors have been shown to influence osteoclastogenesis. For
example, crosslinking FcyRIVon osteoclast precursors was shown to enhance osteoclast
differentiation, whereas deletion of FcyRIV decreased osteoclast numbers and bone
destruction in arthritic mice [66]. These studies demonstrate a role for the FcyRIV in
inducing downstream signals that regulate the process of osteoclastogenesis.

The effect of immunoglobulin (IgG) sialylation on the interaction of immune complexes
with osteoclasts has also been investigated [67]. Modification of IgGs by attachment of sialic
acid residues to the Fc portions is known to mediate the anti-inflammatory effects of
intravenous IgG [68]. Harre and colleagues have demonstrated that only non-sialylated
immune complexes stimulate osteoclastogenesis in vitro and in vivo. Furthermore,
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administration of a sialic acid precursor results in elevated sialylation levels of IgG and
decreased bone erosions in mice with collagen-induced arthritis [67]. Together, these studies
emphasize the importance of autoantibodies in mediating bone loss in RA and suggest a new
mechanism by which osteoclastogenesis in RA may be promoted independent of
inflammation itself.

These findings are further supported by the surprising discovery that ACPA-positive healthy
individuals show signs of bone loss compared to ACPA-negative individuals [10]. Micro-CT
analysis was performed on MCP joints of age and gender-matched ACPA-positive
individuals who showed no signs of synovitis and ACPA-negative healthy individuals.
Although no evidence of bone erosion was seen in ACPA-positive individuals, bone volume
per total volume and BMD were both significantly reduced in ACPA-positive individuals
compared to ACPA-negative controls. Since ACPAs can be detected in serum years before
the onset of RA [69, 70], it appears likely that bone damage in RA precedes the clinical
onset of disease through mechanisms independent of inflammation.

Role of microRNAs (miRNASs) in Inflammation and Osteoclastogenesis

In addition to autoantibodies, recent studies have identified an important role for miRNAs in
bone homeostasis. miRNAs are small non-coding RNAs 20-22 nucleotides in length that
play an important role in the epigenetic regulation of gene expression [71, 72]. Each miRNA
has the capacity to target several mRNAs for cleavage by binding to specific complementary
sequences, typically in the 3’'UTR of target mRNAs, suppressing target mRNA stability or,
alternatively, by blocking protein translation and modifying cellular protein levels. This
allows for the coordinated regulation of multiple gene targets within a pathway, or within
several pathways that span biologic processes. Because miRNAs target existing mRNAs,
they can act rapidly to regulate and fine tune gene expression. It is now appreciated that
miRNAs are altered in their expression pattern between normal and diseased states, and thus
may serve as therapeutic targets as well as provide biomarkers for the progression of disease.

miRNAs also play a role in cell-cell communication. They can regulate genes within the cell
of origin or can be packaged in exosomes to mediate cell—cell interactions and the regulation
of genes within target cell types [73, 74]. Exosomes are vesicles measuring 40—-100 nm that
are formed within secreting cells. Exosomal transfer of miRNAs to recipient cells occurs,
and it has been shown that the transferred miRNAs are functional. Many examples of this
type of cell-cell communication have been demonstrated [75], including a role for exosomal
miRNA transfer in immune responses, transfer of miRNA-loaded exosomes from T cells to
antigen presenting cells [76], and bone marrow mesenchymal stromal cell-derived exosomes
promoting tumor growth in multiple myeloma [77].

miRNAs have been shown to play an important role in regulating inflammation and multiple
lines of evidence implicate miRNAs in the pathogenesis of RA [78-80]. Expression of
miR-23b is downregulated in arthritic synovium, and administration of miR-23b was shown
to decrease synovitis in RA models by targeting multiple NF-xB signaling components, thus
suppressing inflammation [81]. Conversely, miR-155, expressed in macrophages from RA
patients, has been shown to promote inflammation by inducing expression of the pro-
inflammatory cytokine TNF [82, 83]. In keeping with these findings, miR-155-deficient
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mice were protected from collagen-induced arthritis [82, 84]. Importantly, miRNAs have
also been shown to play a critical role in the regulation of bone remodeling. For example,
miR-155 and miR-21 have been implicated in the process of osteoclastogenesis [85, 86].
miRNA-dependent mechanisms can turn off genes that promote monocyte differentiation to
instead promote the differentiation of monocytes to mature, bone-resorbing osteoclasts [87].
Interestingly, it has been shown that treatment of rats with antigen-induced arthritis with
miR-124 not only suppressed measures of inflammation, but also targeted critical mRNAs
involved in osteoclastogenesis, including NFATc1 [88]. Further elucidation of bone-related
pathways regulated by miRNAs in rheumatic diseases may provide new insights into
pathogenesis, as well as new targets for therapy.

Signaling Pathways that Regulate Osteoblast Differentiation

Despite the focus on osteoclasts at known sites of bone loss in RA, our laboratory and others
have shown that inflammation not only induces osteoclastogenesis, but also inhibits
osteoblast differentiation and function. This inhibition contributes to the development of
arthritic bone loss in RA, as well as to the markedly diminished capacity of erosions to heal.
For this reason, it is important to understand the pathways that promote or inhibit osteoblast
differentiation. Unlike osteoclasts, osteoblasts derive from mesenchymal precursor cells.
Several factors are known to regulate the stages of differentiation from mesenchymal stem
cells (MSCs) to mature osteoblasts (Fig. 1). These include growth factors and hormones
such as insulin-like growth factor (IGF) and parathyroid hormone (PTH) that aid in the
transition of MSCs to mesenchymal stromal cells [§9]. Upregulation of the pro-osteogenic
transcription factor runt-related transcription factor 2 (Runx2) commits stromal cells toward
an osteoprogenitor cell fate, while expression of the transcription factor osterix further
promotes differentiation of the cell into a mature osteoblast. Mature osteoblasts produce type
I collagen as well as non-collagenous proteins involved in bone mineralization, including
osteocalcin and bone sialoprotein. This newly formed bone matrix eventually surrounds
mature osteoblasts, embedding these cells within the bone matrix as terminally differentiated
osteocytes.

The wingless (Wnt) [90] and bone morphogenetic protein (BMP) [91] pathways known to
regulate skeletal development and organogenesis are also critical pathways regulating
osteoblast differentiation. Wnt signaling includes the canonical Wnt/B-catenin pathway and
two noncanonical pathways, the Wnt-calcium and the Wnt-planar cell polarity pathways
[92]. In the canonical Wnt pathway, secreted Wnts, such as Wntl and Wnt3a, bind and
activate a complex that includes the low-density lipoprotein receptor related proteins (LRP)5
and LRP6. These receptors complex with Frizzled co-receptors in the plasma membrane to
promote the stabilization of cytosolic B-catenin, allowing its translocation to the nucleus to
induce transcription of genes that promote osteoblast differentiation and bone formation.

Several antagonists to the Wnt pathway, including Dickkopf (DKK) and secreted frizzled-
related protein (SFRP) family members, as well as sclerostin, have been identified. DKK-1
crosslinks LRP5/6, leading to the suppression of Wnt signaling in osteoblast precursors.
Inhibition of DKK-1 expression has been linked to high bone mass [93] while
overexpression of DKK-1 results in osteopenia in mice [94]. SFRPs inhibit Wnt signaling by
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binding directly to Wnt proteins. Deletion of the SFRP1 gene results in increased bone
volume in mice [95], while its overexpression has been linked to decreased bone density
[96]. Interestingly, inflamed synovial tissue has been found to be a source of DKK-1, which
inhibits osteoblast-mediated bone formation in arthritic joints [97]. In contrast, the
expression of DKK-1 is diminished in animal models and patients with AS [98]. The
expression of SFRPs is also upregulated in arthritic synovial tissue [99] and likely
contributes to the inhibition of osteoblast differentiation in inflammatory arthritis.

Sclerostin, a glycoprotein-secreted predominantly, if not exclusively, by osteocytes, inhibits
the canonical Wnt signaling pathway by binding to the LRP5/6 receptor [100]. The effects
of sclerostin on bone were originally brought to light when loss-of-function mutations in or
near the sclerostin-encoding gene SOST were identified in patients with van Buchem’s
disease [101-103] and sclerosteosis [104, 105], diseases associated with high bone mass.
Deletion of the SOST gene increased bone formation in mice [106] while overexpression of
SOST leads to significant bone loss [107].

Mesenchymal stem cells also require activation of BMP signaling to commit to the
osteoblast lineage. BMPs belong to the transforming growth factor beta (TGF-f3) superfamily
and are secreted mainly by osteoblasts, chondrocytes, and endothelial cells [91]. Pro-
osteogenic BMPs, such as BMPs 2, 4, and 7, bind membrane-bound receptors and result in
phosphorylation of intracellular SMADs 1/5/8. These factors complex with SMAD4 and
translocate to the nucleus to promote the transcription of BMP-responsive genes. A variety
of secreted molecules, such as noggin and sclerostin itself, have been identified that
sequester BMP ligands and inhibit their interaction with their receptor [108]. Dysregulation
of BMP signaling has been associated with several skeletal disorders including heterotopic
ossification, osteoporosis, and low and high bone mass diseases.

Role of miRNASs in Osteoblast Differentiation and Bone Formation

miRNAs have been shown to play a role not only in osteoclastogenesis, but also in the
differentiation and function of osteoblasts [109, 110]. The Dicer enzyme is an
endoribonuclease essential for processing of pre-miRNAs to their functional, mature form.
Dicer null embryos do not survive, but conditional deletion of Dicer in skeletal cells has
confirmed that miRNAs control bone turnover in the adult skeleton as well as regulating
osteogenesis and bone mass. Deletion of Dicer in early osteoblast progenitors inhibits their
maturation, demonstrating an essential role for miRNAs in bone formation. In contrast,
deletion in mature osteoblasts leads to a marked increase in trabecular and cortical bone
[109]. Specific miRNAs, including the miR-29 family, have been shown to target inhibitors
of the Wnt signaling pathway to promote osteoblast differentiation [111]. In addition, the
miR-23a-27a-24-2 cluster regulates the induction of osteogenesis and osteoblast
differentiation [112]. Thus, it is reasonable to hypothesize that miRNAs play a role in the
regulation of osteoblast function that results from inflammation in RA and other rheumatic
diseases. This is an area of great interest, especially given the potential impact of a single
miRNA on the regulation of an entire program of gene expression.
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Repair of Bone Erosions in the RA Joint

Clinical studies have shown that therapies that reduce joint inflammation can slow or halt the
progression of osteoclast-mediated bone resorption in patients with RA. Despite treatment,
however, repair of existing erosions is unusual [16]. These persisting erosions are associated
with cartilage loss, as subchondral bone, which provides the scaffold for articular cartilage,
is typically eroded. With erosion of subchondral bone, articular cartilage is lost. Persistent
erosions have been shown to be associated with functional decline, and are associated with
joint instability and likely also changes in mechanical forces across joints, which may
further impact articular cartilage.

Dohn and colleagues investigated the frequency and extent of erosion repair in patients with
RA given combination therapy with anti-TNF and methotrexate (MTX) [113]. After 12
months of therapy, high-resolution computed tomography (CT) of the wrist and MCP joints
demonstrated that although erosion progression was halted, repair of erosions was rare.
Subsequently, it was demonstrated that although biologic therapy significantly decreased
synovitis scores in a cohort of RA patients, all patients had remaining synovitis after 12
months of treatment as determined by MRI [114]. This same study showed that erosion
repair occurred in only 6 % of patients treated with adalimumab, suggesting that residual
inflammation may impair osteoblast function and healing of erosions.

Similar findings were published in a study that examined erosion repair in RA patients
treated with TNF inhibitors and MTX compared to matched patients treated with MTX
alone [115]. The width and depth of erosions in MCP joints were measured by high-
resolution microCT at baseline and after 1 year of treatment. Repair of erosions was shown
to be very limited, and all erosions could still be identified following treatment. However,
the mean depth of erosions decreased significantly by —0.1 mm (average erosion size was
2.4 mm) in patients treated with TNF inhibitors and MTX compared to controls. Deeper
erosions showing signs of sclerosis at the base were found to be particularly prone to repair
compared to more shallow erosive lesions.

These studies were extended to examine RA patients treated with IL-6R blockade [116].
Single bone erosions in MCP joints were imaged using microCT scanning at baseline and 1
year after treatment. Here, the width (as opposed to the depth) of erosions significantly
decreased by —0.11 mm (average erosion size was 2.23 mm). Nevertheless, all erosions
could be visualized 1 year later, again suggesting that IL-6R blockade does not lead to
substantial healing of bone lesions within this time frame.

Inhibition of Osteoblast Function in RA Joints

Many studies now suggest that pro-inflammatory cytokines not only provoke
osteoclastogenesis, but additionally contribute to bone loss by inhibiting osteoblast
differentiation. For example, TNF is a potent inhibitor of osteoblast differentiation in
cultured cells. Treatment of calvarial osteoblasts or the MC3T3 osteoblast-lineage cell line
with TNF inhibited differentiation, as shown by a reduction in mineralizing nodules and
osteocalcin secretion [117]. TNF also induces degradation of Runx2, a critical transcription
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factor for osteoblast differentiation [118]. This TNF-induced Runx2 degradation was
mediated by upregulation of the ubiquitin ligases Smurfl and Smurf2 [119]. In addition,
high dose TNF treatment of osteoblast precursor cells induces their apoptosis [120].
Exposure of osteoblast cultures to IL-1 has also been shown to inhibit mineralizing nodule
formation, as well as collagen protein synthesis and cellular replication [121], and IL-1
impairs the recruitment and migration of osteoblasts toward chemotactic factors [122].
Furthermore, the interaction of IL-6 with sIL-6R on osteoblasts upregulates prostaglandin
E2 synthesis and reduces the ratio of OPG/RANKL, thus promoting osteoclast
differentiation [123]. Thus, in vitro studies demonstrate that pro-inflammatory cytokines
influence the osteoblast by impairing its differentiation and/or function and, in some cases,
by promoting osteoblasts to induce osteoclast differentiation.

Our laboratory has demonstrated in an in vivo setting that arthritic inflammation inhibits
osteoblast differentiation and function. Arthritis was induced in mice using the K/BxN
model and dynamic histomorphometry was adapted to erosion sites to evaluate bone
formation rates (BFRs) [124]. BFRs were significantly reduced at bone surfaces adjacent to
inflammation compared to bone surfaces adjacent to normal marrow, demonstrating that
inflammation inhibits osteoblast activity. Furthermore, in and around sites of articular
erosion, there was a complete absence of cells expressing late-stage osteoblast lineage
markers (mature osteoblasts). These findings demonstrate that synovial inflammation
inhibits the capacity of osteoblasts to mature and form mineralized bone.

Studies in the h"TNFtg model of RA have shown that cells within inflamed synovial tissues
secrete the Wnt signaling pathway antagonist DKK-1, impairing osteoblast-mediated bone
formation [97]. Furthermore, TNF was shown to upregulate DKK-1 expression in synovial
fibroblasts, as well as in osteoblasts. Blockade of DKK-1, when given at the onset of
inflammation, led to an absence of joint erosions in typical sites, despite the presence of
arthritic inflammation. However, DKK-1 blockade also led to an upregulation of OPG,
raising the possibility that erosions did not occur in this setting due to inhibition of RANKL
activity. Histomorphometry performed on the periosteal surface of bone showed increased
BFRs with DKK-1 blockade, as well as an increase in osteoblast numbers and osteoid
deposition in the arthritic mice treated with the DKK-1 neutralizing antibody compared to
controls. Thus, erosion was essentially absent after DKK-1 blockade, but periosteal bone
formation occurred instead, which is not a usual feature of the hTNFtg mouse model,
suggesting that periosteal bone formation is inhibited by DKK-1.

Indeed, clinical studies have validated the relevance of DKK-1 in arthritic joint remodeling.
Serum levels of DKK-1 were significantly increased in patients with RA compared to
healthy controls, and DKK-1 was expressed in the inflamed synovium from patients with
RA compared to controls [97]. Recently, three DKK-1 single nucleotide polymorphisms
(SNPs) were identified that are associated with production of increased levels of functional
DKK-1 in sera, as well as with increased joint destruction over time in patients with RA
[125]. These studies illustrate the impact of the Wnt antagonist DKK-1 on osteoblast
inhibition in the setting of inflammatory arthritis.
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Our laboratory identified several Wnt signaling antagonists whose expression was
upregulated in arthritic synovium using the K/BxN model, including members of the DKK
family as well as SFRP1 and 2 [99, 124]. In addition, we induced arthritic inflammation and
subsequently allowed the inflammation to resolve. Dynamic histomorphometry and
microCT showed that upon resolution of inflammation, mature osteoblasts populated the
eroded bone, and bone formation was induced at these sites, followed by repair of erosions.
Notably, as synovial inflammation almost completely resolved, synovial expression of the
Whnt antagonists sSFRP1 and sFRP2 was downregulated and expression of the Wnt agonist
Wnt10b was induced compared to arthritic synovium. These findings demonstrated that
significant resolution of inflammation is necessary to promote Wnt signaling and erosion
repair in the arthritic joint. Thus, cells within inflamed synovial tissues secrete factors that
antagonize the Wnt signaling pathway and inhibit osteoblast differentiation and osteoblast-
mediated bone formation. These effects are manifested clinically in the arthritic joint, where
persistent inflammation likely contributes to the limited healing of erosions. Figure 2
provides a summary of pathways involved in the regulation of osteoclasts and osteoblasts in
RA.

Recently, agonists of Wnt signaling have been proposed as therapies for the treatment of
joint destruction associated with aging and inflammation. One such example is Wnt4, an
agonist of the non-canonical Wnt pathway. Yu and colleagues demonstrated a dual role for
Wnt4 in increasing bone formation as well as in reducing bone resorption [126]. Transgenic
mice overexpressing Wnt4 in osteoblasts were bred to arthritic hTNFtg mice (h"TNFtg/OB-
Wnt4). Importantly, hTNFtg/OB-Wnt4 mice had significantly less joint swelling and joint
destruction than h'TNFtg controls. Osteoblast counts as well as bone formation and mineral
apposition rates were significantly elevated in hTNFtg/OB-Wnt4 compared to controls.
Moreover, Wnt4 inhibited osteoclast formation and bone resorption by inhibiting NF-xB
signaling in osteoclast precursors and macrophages. The ability of Wnt4 to diminish
inflammation, decrease bone resorption, and increase bone formation makes it an attractive
candidate for alleviating inflammatory joint destruction and further studies in this area are
warranted.

isms of Bone Formation in AS

In contrast to the bone loss seen in patients with RA, inflammation affects the spine in AS at
the entheses, sites at which tendons and ligaments insert into bone, leading ultimately to
osteoblast activity and syndesmophyte formation. There is some debate as to whether bone
formation follows an erosion event at these sites or occurs in the absence of erosion. If
erosion does occur initially, factors released from the bone matrix, including TGF-f§ and
BMPs, could promote this process. Syndesmophytes result from the process of endochondral
ossification [21, 127, 128] with a cartilaginous phase initially, followed by remodeling and
ultimately mineralization to form bone. Interestingly, in a recent study, the fate of murine
hypertrophic chondrocytes was tracked from embryonic life, and it was demonstrated that
these cells can become osteogenic and can survive into adult life. This has been termed a
“chondrocyte-to-osteoblast lineage continuum” and may be relevant to the events leading to
new bone formation in AS [129]. Studies of tissues from sacroiliac joints from patients with
AS have shown localized areas of endochondral ossification [130]. These studies also
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demonstrated cellular expression of mRNA for pro-inflammatory cytokines, as well as TGF-
B, which was expressed by cells in proximity to regions of bone formation. Significant
advances have been made in further elucidating the pathways involved in bone formation in
AS, including the Wnt, BMP, and IL-23/IL-22/ IL-17 signaling pathways.

Antagonists to the Wnt Signaling Pathway

Sclerostin is one antagonist of Wnt signaling that has been implicated in the process of bone
formation in AS with dysregulated production demonstrated in this disease.
Immunohistochemical staining of joints from AS patients showed significantly decreased
sclerostin expression compared to healthy controls. In addition, lower levels of sclerostin
were detected in the serum of AS patients compared to controls and were associated with
increased syndesmophyte formation [131]. Interestingly, immune complexes composed of
autoantibodies to sclerostin were also identified in the sera of patients with AS compared to
healthy controls [132]. It is likely that these autoantibodies would interfere with the function
of sclerostin as a Wnt signaling antagonist and would therefore lead to increased bone
formation. However, the role of sclerostin blockade in AS is not entirely clear, as patients
with AS can also develop articular erosions. In arthritic h\TNFtg mice, sclerostin blockade
was shown to inhibit the local bone and cartilage damage that occurred in inflamed joints
[133]. Therefore, sclerostin blockade may alleviate the bone erosions seen in erosive
inflammatory arthritis. These studies implicate sclerostin in contributing to bone remodeling
in both AS and RA.

Expression of other Wnt pathway inhibitors, particularly DKK-1, is also decreased in mouse
models and patients with AS. The inflammatory environment in hTNFtg mice typically
provokes osteoclastogenesis and bone erosions. However, DKK-1 blockade in this model led
to an increase in Wnt signaling and fusion of the sacroiliac joints [134], transforming the
typically erosive phenotype to one of ankylosis. In another model of AS, the proteoglycan-
induced spondylitis mouse, IHC staining, and mRNA expression levels showed significantly
reduced levels of DKK-1 and SOST in the spine of inflamed mice compared with controls,
again supporting the potential importance of Wnt inhibitors in the process of ankylosis
[135].

In AS patients, DKK-1 levels were reported to be significantly lower than those in healthy
controls and RA patients based on DKK1 binding to its LRP6 receptor [97]. Furthermore,
functional DKK-1 levels were shown to be higher in the sera from AS patients who showed
no syndesmophyte growth compared to those with bony spur growth [136]. These findings
suggest that decreased activity of DKK-1 contributes to the osteoproliferation in AS. Wnt
agonists have also been associated with AS bone formation. In a recent study, Wnt3a levels
in the serum were found to be elevated in a cohort of 204 patients with AS compared to
controls [137], a finding consistent with increased osteoblast activity. Taken together, these
data implicate the Wnt signaling pathway as a contributor to the pathogenesis of bone
accrual in AS.
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The BMP Pathway and its Contribution to Bone Formation in AS

BMP family members were originally shown to promote endochondral bone formation and
ankylosis in the DBA/1 spontaneous mouse model of SpA [127]. In this model,
immunohistochemical stains revealed the expression of BMP2, BMP6, and BMP7 protein at
sites of enthesitis. Overexpression of noggin, a broad-spectrum BMP antagonist, inhibited
the progression of ankylosis in these mice, providing evidence that ankylosis can be
inhibited by targeting the BMP pathway. In addition, active BMP signaling was confirmed in
enthesial biopsies from patients with SpA, as shown by the presence of nuclear
phosphorylation of Smads1/5.

BMPs have also been measured in the serum of AS patients. In one study, Chen et al.
demonstrated that serum levels of BMP2, BMP4, and BMP7 were higher in AS patients with
radiographic signs of ankylosis compared to patients without spinal fusion and healthy
controls [138]. An additional study showed increased serum levels of BMP2 and BMP7 in
30 patients with AS compared to healthy controls. BMP2 levels correlated with the Bath
Ankylosing Spondylitis Disease Activity Index (BASDAI) questionnaire. BMP7 levels
correlated with the Bath Ankylosing Spondylitis Radiology Index (BASRI) that takes into
account syndesmophyte formation [139]. In contrast, a study by Wendling et al. found that
although serum BMP-7 levels trended higher in AS patients compared to controls, the
difference was not statistically significant [140]. Finally, the production of autoantibodies
against the BMP antagonist noggin has been identified in the serum of AS patients. These
autoantibodies may inhibit the effect of noggin and lead to increased BMP signaling [132].
Taken together, there is definite evidence that BMP signaling contributes to bone formation
in AS, making this pathway an attractive candidate for therapeutic targets.

Inflammatory Pathways Mediating Bone Formation in AS

Newly identified pathways mediating inflammation and bone formation in AS suggest that
innate immune mechanisms play a role. In addition to TNF, IL-23 and IL-17 have been
implicated as cytokines central to pathogenesis [141, 142]. Early studies by Sherlock et al.
have identified a role for IL-23, a member of the IL-12 family of cytokines, in both
inflammation and bone formation in a model of SpA. These studies demonstrated that
overexpression of IL-23 resulted in inflammation at enthesial sites as the initial
manifestation of disease. Subsequently, synovial tissues also become inflamed, supporting
the hypothesis that the initial lesion in SpA is likely to be localized to enthesial sites, with
subsequent spreading of inflammation to joint tissues [143]. These investigators also
demonstrated that IL-23 in enthesial tissues induced the production of IL-17A and F, and
IL-22, by a unique and newly described subset of enthesial resident T cells, identified as
RORYT*CD3*CD4~CD8". These cells express the IL-23R and produce disease-promoting
cytokines in response to IL-23. Interestingly, these unique T cells are found not only at
enthesial sites, but also in the aortic ring, another site of inflammation in AS [142, 144].
Subsequent to these discoveries, there has been a great deal of interest in the biology of
IL-23 and in identifying the potential source of this cytokine in SpA. There is mounting
evidence for increased production of IL-23, potentially in the gut, and microscopic gut
inflammation has been identified in patients with axial SpA [145]. In addition, there may be
an altered responsiveness to this cytokine. HLA-B27 itself has also been shown to induce the
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production of IL-23 [146, 147], likely through activation of autophagy pathways. Finally,
SNPs in the IL-23R are also associated with susceptibility or protection from AS, especially
in Europeans [148], lending additional credence to the association of IL-23 in the
pathogenesis of this disease.

Through cellular depletion and blocking antibody studies, it has been shown that although
IL-17 plays a role in pathogenesis, it is not required, and IL-22 is a key pathogenic cytokine.
Furthermore, IL-22 was found to induce the differentiation of osteoblasts from local
precursor cells at the enthesial sites through induction of STAT3, which may promote the
bone formation seen at these sites. Interestingly, IL-23 has also been shown to promote
osteoclastogenesis in co-culture systems with osteoblasts [149] and to upregulate RANK
expression on osteoclast precursor cells, to further induce osteoclastogenesis [150]. In vitro
studies also suggest that IL-23 may act via IL-17 to induce osteoclastogenesis [151].
Therefore, the effects of IL-23 on bone appear to be pleotropic, and other mechanisms may
be at play in the process of syndesmophyte formation in SpA.

One such mechanism is almost certainly mechanical loading. In animal models, sites of
periosteal bone formation occur at tendon and ligament insertion sites into bone, sites of
mechanical stress, and it has long been suspected that mechanical forces are important in
bone formation in SpA [21, 152, 153]. Recently, a pre-clinical model of SpAwas used in a
“proof-of-concept” study to demonstrate that mechanical strain indeed regulates
inflammation at enthesial sites, as well as bone formation at these sites [153]. In this study,
the TNFAARE model was used, a model that shares many of the skeletal features seen
clinically in AS, and in which inflammation occurs initially at enthesial sites. Hind limbs
were unloaded, and inflammation at the Achilles tendon was compared with the normally
loaded, weight bearing controls. In the unloaded limbs, there was a significant suppression
of both inflammation and new bone formation. Furthermore, ERK1/2 signaling played a
critical role in inflammation associated with mechanical stress. This study confirms the
importance of anatomic sites of inflammation, as well as the role of tissue injury via weight
bearing and stress on both inflammation itself, and on outcomes for bone.

Therapeutic Intervention in AS

The development of biologic agents targeting TNF has considerably alleviated the spinal and
joint inflammation and clinical disease activity parameters associated with AS. However, the
prevention, and certainly reversal, of enthesial bone formation and structural damage
remains a challenge. Clinical studies have evaluated whether TNF inhibition affects
structural bone changes and radiographic progression in patients with AS over a 2-year
period. In one such study, treatment with etanercept led to decreased spinal inflammation,
but inhibition or reversal of radiographic progression was not detected by MRI [154].
Similar results were found using infliximab [155] and adalimumab [156]. These studies
suggested that structural progression in the spine of AS patients is independent of TNF.

Recently, however, Haroon et al. analyzed the long-term effects of TNF inhibition on
radiographic progression in a large cohort of AS patients [157] and did show a protective
effect of TNF inhibitors on radiographic progression. Treatment was most beneficial when
used early in disease (within 5 years of onset) and when given for >4 years. An additional
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study comparing AS patients treated with infliximab vs. historical controls also showed that
treatment with a TNF inhibitor over a long period of time (8 years) may limit
syndesmophyte formation [158]. In the treated group, 1.0+ 0.6 new syndesmophytes/patient
were identified vs. 2.7+0.8 syndesmophytes/patient in the historical controls. Nevertheless,
bone formation was seen in both the untreated and treated patients over the 8-year period.
Thus, biologic agents that block TNF activity successfully control spinal inflammation, but
likely have a mild impact on radiographic progression in AS. Therefore, understanding the
pathways and potential therapeutic targets that modulate bone formation in AS is of
importance.

Conclusion

Tremendous progress has been made over the past decade in understanding the interactions
of the immune system and bone in systemic rheumatic diseases. Emphasis has been placed
on pathways and factors inducing osteoclastogenesis, as osteoclasts have been shown
definitively to mediate local articular bone erosion, as well as loss of periarticular bone and
bone in the axial and appendicular skeleton. However, it is now evident that inflammation
also impacts osteoblast differentiation and function. In rheumatic diseases, activation or
inhibition of the Wnt and BMP signaling pathways, both essential pathways for the
differentiation and function of osteoblasts, results in very different outcomes for bone.
Furthermore, the local anatomic microenvironment in which inflammation exists in these
diseases is critical in determining whether bone is resorbed or formed. Specific cell types
and factors present/ expressed in microenvironments, as well as mechanical forces that may
be transduced locally, can clearly influence bone phenotypes. Finally, newly identified
mechanisms, including the regulation of skeletal pathways by autoantibodies and miRNAs,
shed further light on underlying processes. These insights into pathophysiologic mechanisms
by which inflammation impacts bone thus provide potential novel approaches for the
treatment of rheumatic diseases, the goal of which is to prevent alterations in bone
homeostasis and thus to preserve patient function.
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Fig. 1.

Stgges of osteoblast differentiation. Osteoblasts are derived from mesenchymal stem cells.
Wingless ( WNT) and bone morphogenic protein (BMP) pathways promote their
differentiation to mesenchymal stromal cells, in conjuction with Runx?2, insulin-like growth
factor (/GF) and parathyroid hormone (P7H). Activation of BMP signaling promotes Runx2
expression in stromal cells, leading to further differentiation to osteoprogenitors. Runx2
subsequently induces expression of the transcription factor osterix, with further
differentiation to a mature osteoblast. These ultimately become embedded in bone matrix as
terminally differentiated osteocytes
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Fig. 2.
Cell types and factors regulating bone in theumatic disease. Resorption: The inflamed

synovium/pannus produces several inflammatory mediators that enhance osteoclastogenesis
and inhibit osteoblast maturation in the joint, leading to the development and persistence of
articular bone erosions. These mediators promote the differentiation of osteoclast precursors
to mature osteoclasts, in part by the upregulation of receptor activator of NF-xB ligand
(RANKL). Anti-citrullinated protein antibodies (ACPAs) can also promote
osteoclastogenesis by binding to macrophages and/or osteoclast precursor cells and inducing
TNF production, thus enhancing cellular expansion and differentiation. Formation: Bone
formation occurs through the action of mature osteoblasts that produce organic bone matrix
and orchestrate bone mineralization. These derive from mesenchymal precursors, whose
differentiation is inhibited by antagonists of the Wnt signaling pathway, including Dickkopf
(DKK) and secreted frizzled-related protein (SFRP) family members, and sclerostin, derived
from osteocytes embedded in bone matrix. Inflammatory mediators also induce the
production of RANKL, and inhibit the production of osteoprotegerin (OPG) by stromal
cells/ osteoblasts. Furthermore, microRNAs can regulate these processes at several levels
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