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Chapter 16
Cellular Contributors to Bone Homeostasis

Martina Rauner, Katharina Jihn, Haniyeh Hemmatian, Juliane Colditz,
and Claudia Goettsch

Introduction

Bone is a multi-functional organ. The skeletal system serves as connective tissue but
also exhibits mechanical, metabolic, and endocrine functions [1]. It provides
mechanical support to protect the brain, as well as other soft organs within the rib
cage from damage. Bone is a storage site for calcium and phosphate and serves as a
target organ for paracrine and endocrine factors that maintain mineral homeostasis
and regulate energy outlay. Moreover, as an endocrine organ, the skeletal system
contributes to body homeostasis through secreted molecules that exhibit effects on
peripheral organs [2—4]. The skeleton is a complex and dynamic tissue that, in addi-
tion to its biomechanical properties, harbors stem cells and specific precursor cells
of the hematopoietic and immune system [5, 6].

To maintain physiological bone mass, the skeleton undergoes constant remodel-
ing processes. Bone remodeling is a lifelong dynamic process that guarantees effi-
cient degradation of old bone in balance with replacement by new mineral. Bone
mass is determined by the coordinated actions of four distinct bone cell types: bone-
forming osteoblasts, bone-resorbing osteoclasts, bone-lining cells, and osteocytes.
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Fig. 16.1 Bone remodeling occurs in the bone remodeling compartment through the coordinated
action of osteocytes, osteoblast, and osteoclasts. The molecular machinery in each cell contributes
to proper cellular function. Images below: Left — osteocytes (red arrow) in murine cortical bone,
silver precipitation technique: Nuclei were visualized using thionin counter stain. Middle — pri-
mary mouse osteoclast differentiated in vitro from bone marrow progenitors using M-CFS and
RANKL. Immunofluorescence staining of actin rings (green), trap (red). Nuclei were visualized
using DAPI (blue). Right — osteoblasts (yellow arrow) in human trabecular bone specimen embed-
ded undecalcified in poly(methyl methacrylate), toluidine blue staining. The figure was partially
created using Servier Medical Art, licensed under a Creative Commons Attribution 3.0
Unported License

Bone-lining cells build a monolayer that covers the bone surface in the quiescent
state. Osteocytes, embedded within the bone matrix during skeletal maturation, are
important mechanosensing cells and therefore key skeletal communicators [7].
Under physiological conditions, the equilibrium and coupling of bone resorption
with bone formation is tightly fine-tuned to ensure proper bone mass and quality.
Bone remodeling occurs in four steps in a highly vascularized special space called
“bone remodeling compartment” (BMC, Fig. 16.1) [8]. Remodeling initiates by
recruitment of osteoclasts to BMC by osteocytes. Differentiated and functional
active osteoclasts cause bone resorption and concurrent recruitment of mesenchy-
mal stem cells. Osteoblasts differentiate and form new bone. In the final step, the
osteoid mineralizes [7].

In many pathophysiological conditions, the impairment of these mechanisms
triggers a dysregulation of bone remodeling, causing unbalanced between bone
resorption and formation. A consequential loss in bone mass and/or alteration in
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bone microarchitecture can lead to skeletal destruction and increased fracture risk,
in conditions like osteoporosis, theumatoid arthritis, and skeletal metastases [9].

Osteoblasts

Osteoblasts stem from mesenchymal stem cells (MSC), similar to chondrocytes,
adipocytes, myocytes, and other stromal cells. More recently, studies characterized
the skeletal stem cell more precisely, showing that osteoblasts, chondrocytes, and
stromal cells share a progenitor cell that does not give rise to adipocytes or myo-
cytes, indicating that these cells are more closely related in the hierarchical tree
[10]. Importantly, these observations also hold true for human skeletal stem cells
[11]. Osteoblasts are specialized cells that produce the bone matrix by first laying
down the organic matrix (i.e., osteoid), which mostly consists of type I collagen and
other non-collagenous proteins such as osteocalcin or osteopontin, and then contrib-
uting to the mineralization of the matrix. During matrix production, osteoblasts
have a cuboidal shape and are packed with endoplasmic reticulum and mitochon-
dria. Hydroxyapatite-based microcrystals are deposited into the collagen matrix,
which requires two phases: (I) the removal of acid evolved during hydroxyapatite
nucleation by the osteoblast to allow for matrix deposition, and (II) mineral matura-
tion from amorphous calcium phosphate to hydroxyapatite, which is associated
with important changes in mineral orientation and organization, leading to the dense
lamellar structure of mature bone. This process is critically dependent on pH and the
function of tissue non-specific alkaline phosphatase (TNAP) as a supplier of phos-
phate, which works best at an alkaline pH [12-14].

Besides producing the bone matrix, osteoblasts have additional functions includ-
ing providing a niche for hematopoietic stem cells [5, 15], as well as regulation of
energy production [16, 17], male fertility [18, 19], and brain function by producing
osteocalcin [20], which has been identified as a factor with hormonal actions on
distant organ sites. Most importantly, however, osteoblasts are key regulators of
bone resorption by osteoclasts, as they produce receptor activator of NF-kB ligand
(RANKL) and its endogenous inhibitor osteoprotegerin (OPG), to determine the
rate of osteoclastogenesis and bone resorption [21-24]. Thus, bone formation and
bone resorption are tightly coupled processes that underlie a strict regulation within
not only the communication between osteoblasts and osteoclasts but also other cells
that influence their communication, including osteocytes and immune cells.

Osteoblast Differentiation

Osteoblast differentiation is a multi-step process, beginning with maturation from
stem cell into an osteoblast progenitor, then to a pre-osteoblast, and finally to a
mature osteoblast. These stages are paralleled by different functional steps,
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including cell proliferation, matrix production, and mineralization. Once fully
matured, osteoblasts either undergo apoptosis, become quiescent bone-lining cells
that can be reactivated quickly after proper stimuli (e.g., parathyroid hormone
(PTH) or inhibition of sclerostin), or terminally differentiate into osteocytes. How
the osteoblast fate is chosen remains largely unknown.

To differentiate, two transcription factors are absolutely necessary: Runt-related
transcription factor 2 (Runx2) and osterix (Osx). Deficiency of either of these tran-
scription factors in mice results in a non-mineralized skeleton made of only carti-
lage [25-27]. Both intramembranous and endochondral ossification are completely
lacking in Runx2~~ and Osx~'~ mice. These transcription factors are important not
only in mice but also in humans. Mutations in the gene encoding for Runx2 are
associated with cleidocranial dysplasia [28]. Several growth factor signals that are
crucial for osteoblast differentiation, such as bone morphogenetic protein (BMP)
signaling, fibroblast-like growth factor, or insulin-like growth factor signaling, use
either Runx2 or Osx as their downstream transcriptional mediators. Besides Runx2
and Osx, Msx1 and Msx2 are critical for osteoblast differentiation in cranial bone
[29]. In addition, several other transcription factors are important for osteoblastic
differentiation at various sites including DIx5, DIx6, AP1, ATF4, NFATs, and Twist
proteins [30].

Regulatory Pathways

Osteoblast differentiation is regulated by several growth factor pathways and sys-
temic hormones (e.g., vitamin D or glucocorticoids). However, studies in mice and
humans have shown that two pathways are central regulators of ossification and
osteoblast differentiation. These are the BMP and Wnt signaling pathways.

BMPs belong to the transforming growth factor beta (TGFp) superfamily and
have essential functions during embryogenesis, organogenesis, as well as cell pro-
liferation and stem cell differentiation. Of the 15 identified BMPs, BMP2, 4, 6, 7,
and 9 exhibit osteoinductive capabilities. They promote the commitment of mesen-
chymal stem cells to osteoprogenitors and further stimulate osteoblastogenesis and
bone mineralization [31-33]. BMP2 and BMP4 deficiencies are embryonically
lethal. Conditional knockout of BMP2 and BMP4 alone or in combination in osteo-
blasts results in impaired bone formation caused by dysfunctional chondrocyte and
osteoblast differentiation as well as function [33, 34]. Besides the ligands, BMP
receptors (e.g., ALK2, ALK3, ACVRI) in osteoblasts were also shown to play a role
in ossification [35-38]. Constitutive activation and/or different ligand susceptibili-
ties of mutated ALK?2 lead to a rare genetic disease called fibrodysplasia ossificans
progressiva, which is characterized by excessive heterotopic ossification [39, 40].

The BMP signal transduction is initiated upon BMP ligand binding to a receptor
heterodimer complex, which consists of type I and type II BMP transmembrane
serine/threonine kinase receptors (BMPR). The constitutively active BMPR type 11
activates BMPR type I through phosphorylation upon ligand binding. The
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SMAD-dependent pathway is the classical, canonical BMP pathway and is based on
the activation of R-Smads (Smad 1, 5, 8) and co-Smads (Smad 4), which, when
translocated into the nucleus, can bind to BMP responsive elements and initiate the
transcription of osteoblastic genes. Furthermore, BMP signaling can induce non-
canonical signaling pathways, including mitogen-activated protein kinases such as
extracellular signal-regulated kinases (ERK), c-Jun N-terminal kinases (JNK), and
P38 mitogen-activated protein kinases (P38) to induce osteopromoting outcomes
[33]. Also the phosphatidylinositol 3-kinase/protein kinase B (PI3K/AKT) pathway
has been implicated to play a role in BMP-mediated signaling in osteoblasts [41,42].

The BMP signaling pathway is regulated via numerous inhibitors including
inhibitory SMADs (Smad 6, Smad 7) as well as extracellular antagonists such as
gremlin, chordin, and noggin [43]. Noggin has been investigated in great detail in
the context of bone. Either overexpression or conditional knockout of noggin leads
to low bone mineral density and reduced bone formation [44, 45], suggesting that
optimal levels of BMP signaling are required for proper bone formation.

The Wnt signaling pathway is among the most critical pathways to regulate
osteoblast differentiation. Mutations in components of the Wnt signaling pathway
result in drastic skeletal alterations in both mice and humans. In brief, activation of
Whnt signaling leads to enhanced osteoblast differentiation and bone formation,
while inhibition results in decreased osteoblastogenesis. Thus, Wnt signaling has
also been a major target to develop new treatments for osteoporosis [46].

Wnht signaling exhibits a similarly complex pathway as BMP signaling, contain-
ing 19 Wnt ligands, 10 Frizzled-receptor (FZD) variants, and multiple intracellular
and extracellular inhibitors [46]. Moreover, Wnt signaling is divided between
canonical Wnt signaling, which uses f-catenin as transcriptional mediator, and non-
canonical B-catenin-independent pathways [47]. Canonical Wnt signaling is acti-
vated when canonical Wnt ligands (e.g., Wntl, Wnt3a, Wnt10b) bind to the FZD
receptors and LDL receptor-related protein (LRP)5/6 co-receptors. This leads to the
resolution of the f-catenin destruction complex, which consists of scaffold protein
axin, adenomatous polyposis coli, casein kinase 1, and constitutively active glyco-
gen synthase kinase 3. Destruction of this complex leads to phosphorylation of
cytosolic p-catenin, resulting in its ubiquitination and degradation. The non-
degraded f-catenin accumulates in the cytosol and eventually translocates into the
nucleus where it activates the transcription of target genes by recruiting transcrip-
tional activators to the T cell factor/lymphoid enhancer factor (TCF/LEF) transcrip-
tion complex [46—48]. In contrast to the p-catenin-dependent activation of
transcription factors in canonical Wnt signaling, non-canonical Wnt signaling is
independent of LRPs and activates other pathways including small Rho GTPases/
JNK signaling, calcium-dependent NFAT signaling, and PI3K/Akt signaling that
are known to control planar cell polarity, cell differentiation, and tissue patterning.
Both canonical and non-canonical signals are important regulators of trabecular and
cortical bone homeostasis. Mutations in the genes encoding Wnt signaling mole-
cules (e.g., Wntl, Wnt5a, Wnt16) lead to altered bone phenotypes, affecting either
osteoblast differentiation or osteoblast-mediated communication [49-51]. As such,
human mutations in WNT1 are associated with early-onset osteoporosis, and
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mutations in the WNT5A gene lead to autosomal dominant Robinow syndrome-1,
which is characterized by short stature [52, 53]. In the case of LRPS, gain-of-
function mutations lead to high bone mass in mice and humans, while loss-of-
function mutations lead to osteopenia [54, 55].

As with all developmental pathways, Wnt signaling is tightly regulated. It can be
blocked at various levels including extracellular and intracellular inhibitors. At the
ligand level, secreted frizzled-related proteins and Wnt inhibitory factor 1 associate
with the Wnt ligands themselves, sequestering them and thus inhibiting their bind-
ing to FZD [46, 47]. The family of Dickkopf (Dkk) proteins and sclerostin, on the
other hand, bind to LRP5/6, thereby preventing their interaction with FZD. In the
bone context, Dkk1 and sclerostin have been shown to be main regulators of bone
mass. Deficiency of either protein leads to a high bone mass, whereas overexpres-
sion of Dkk1 or sclerostin leads to low bone mass [56—59]. Sclerostin is mainly
produced by osteocytes, whereas Dkk1 is expressed in different organs including
bone, skin, placenta, and the prostate. Due to the site-specific expression of scleros-
tin, neutralizing antibodies were developed that are now available as one of the few
bone-anabolic options to treat postmenopausal osteoporosis [60]. Interestingly,
however, deficiency or suppression of Dkk1 or sclerostin leads to a compensatory
increase in the other Wnt inhibitor, thereby limiting the long-term efficacy of block-
ing sclerostin or Dkk1 [56, 61, 62]. Thus, at least experimentally, bi-specific anti-
bodies targeting Dkk1 and sclerostin show the greatest increase in bone mass and,
therefore, may be the most potent option to induce bone anabolism in the future [61].

Osteoclasts

The physiological removal of old bone by osteoclasts is necessary for growth,
development, and bone remodeling to adapt the adult skeleton to function and exter-
nal conditions. Loss of bone mass is the consequence of increased skeleton degrada-
tion rate relative to its formation. Pathophysiological osteoclast differentiation and
activation plays a key role in osteolysis (e.g., osteoporosis). Thus, understanding the
complex biology and regulatory mechanisms of osteoclasts is necessary to develop
strategies to prevent pathologic bone resorption.

Osteoclasts exclusively resorb bone. They are terminally differentiated cells
derived from the hematopoietic linage and therefore phenotypically related to mac-
rophage and dendritic cells [7]. Osteoclasts are giant multinucleated cells (Fig. 16.1)
that form from maturation and fusion of mononuclear precursor cells, which dif-
ferentiate from bone marrow monocytes/macrophages [7]. The origin of osteoclasts
was demonstrated using a parabiosis model more than 40 years ago [63]. Recent
evidence shows that osteoclasts derive from embryonic erythro-myeloid progeni-
tors and are in fact long-lived cells that use iterative fusion of monocytic precursor
cells for their maintenance throughout life [64]. Osteoclast precursor cells express
cell surface receptors, like macrophage-1 (mac-1), macrophage colony-stimulating
factor (M-CFS) receptor c-fms, receptor activator of NF-kB (RANK), and receptors
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for co-stimulatory molecules such as osteoclast-associated receptor (OSCAR) [65,
66]. It is suggested that the recruitment of osteoclast precursors from the bone mar-
row occurs by either crossing the bone-lining cells or from capillaries that penetrate
into BMC [67, 68].

The generation of mature osteoclasts capable of resorbing bone is a multi-step
process. It includes the presence and priming of osteoclastic precursor cells, multi-
nucleation and maturation, and finally activation that triggers specific cytoskeletal
rearrangements, cell motility, attachment to bone matrix, and resorption [7].

Osteoclast Differentiation

There are only two essential and sufficient cytokines for osteoclastogenesis in vitro:
(I) macrophage colony-stimulating factor (M-CFES) that participates in promoting
cell proliferation and survival of osteoclast precursors and (II) RANKL that drives
osteoclast differentiation, fusion, activation, activity, and survival [24, 69, 70].

M-CFS stimulates the expression of RANK —the signaling receptor for RANKL —
in osteoclast precursor cell [7]. The central role of RANKL in osteoclast differentia-
tion led to the successful development a neutralizing antibody, denosumab, which
inhibits bone resorption and reduces fracture risk [71]. Mature osteoclasts tightly
adhere to bone and release hydrogen ions that acidify the interface between bone
and osteoclast, leading to bone resorption.

Physiological osteoclast differentiation requires the presence of RANKL-
secreting bone-resident cells, like osteoblasts, marrow stromal cells, and osteocytes
[72]. Mice lacking RANK or RANKL develop osteopetrosis due to lack of osteo-
clasts, demonstrating the importance of the RANK/RANKL system [73, 74].

When RANKL binds to RANK expressed on osteoclast precursors, a set of tran-
scription factors (e.g., NF-kB, activator protein-1 (AP-1), and nuclear factor of acti-
vated T cells (NFAT)) are activated that modulate the expression of osteoclast-specific
effector proteins [75].

Binding of M-CEFS to its receptor c-fms activates the receptor by dimerization
and promotes alteration in the cytoskeleton and expression of RANK on osteoclast
precursors, increasing susceptibility to RANKL binding [7]. The transcription fac-
tor PU.1 promotes the expression c-fms. In fact, mice lacking PU.1 show a failure
in macrophage differentiation [76] and inhibition of osteoclastogenesis [77].

RANK lacks intrinsic kinase activity. Therefore, the activation of RANK by
RANKL causes the recruitment of intracellular adaptor protein tumor necrosis fac-
tor receptor-associated factors (TRAFs) to three different motifs of the intracellular
domain of RANK [78, 79]. As a consequence, a cascade-like intracellular signaling
transduction initiates osteoclast formation, function, and survival and inhibits osteo-
clast apoptosis via several signaling pathways. The TRAF-6 recruiting motif acti-
vates NFxB, JNK, ERK, p38, and Akt. NFkB signaling pathway then activates
NFATc1 [80]. TRAF-6-deficient mice exhibit an osteopetrosis bone phenotype [81].
The role and function of the two other TRAF motifs are not clear yet [82].
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Concurrent activation of co-stimulatory molecules/immunoreceptor tyrosine-
based activation motif (ITAM) signaling (like osteoclast-associated receptor
(OSCAR), DNAX-activating protein of 12 kDa (DAP12), or FC receptor common
gamma subunit (FcRy)) modulates RANK-mediated processes [83]. This causes
Ca-dependent activation of calcineurin that directly activates NFATc1. Deficiency
of DAP12 or FcRy results in subtle osteoclastic defects, while deletion of both mol-
ecules causes severe osteopetrosis [84]. NFATc1 is an established master transcrip-
tion factor of osteoclastogenesis. As part of a transcription factor complex with
MIFT, PUI1, CREB, and AP1, NFATcI participates in differentiation and fusion of
osteoclasts. NFATcl-regulated genes are cathespinK, MMP9, H+ ATPase, and
CIC7 [85].

Osteoclast Resorptive Capacity

The bone matrix consists of inorganic (mainly crystalline hydroxyapatite) and
organic components (e.g., collagen type I) [86]. Therefore, the resorption has to
involve the dissolution of hydroxyapatite followed by the proteolytic cleavage of
organic components.

The osteoclast activation is primarily characterized by the establishment of two
essential structural and functional features for proper resorption: the ruffled border
and the isolated resorption compartment [7]. The resorption compartment is iso-
lated from the general extracellular space. It is formed by the attachment of osteo-
clasts to the bone matrix though a structural feature called the sealing zone. This
forms a closed microenvironment between the underlying matrix and the osteoclast
also called “clear zone” that is key for resorptive events. This physical interaction of
bone matrix and osteoclast is mediated by integrin avp3 and corresponding proteins
in the extracellular matrix (e.g., osteopontin, vitronectin, or bone sialoprotein) [87].
The interaction induces cytoskeleton re-organization cooperatively with M-CFES via
the c-Src-signaling complex. Osteoclasts polarize fibrillary actin to circular struc-
tures to create the typical actin ring surrounding of the ruffled border that generates
the isolated resorptive compartment [88]. In vitro and in vivo studies demonstrated
that integrin avf3 is the main integrin mediating bone resorption [89]. Integrin
avp3-deficient mice develop osteopetrosis [90].

The ruffled border is the resorptive organelle of osteoclasts and a morphological
characteristic to increase the surface area [7]. The transport of protons and proteo-
lytic enzymes into the resorption compartment is required to dissolve mineral and
degrade bone matrix proteins [91]. The ruffled border is formed by migration and
insertion of acidified vesicles loaded with proton pumps and cathepsin K through
microtubules and actin to the plasma membrane facing the bone leading to the
expression of vacuolar H + -adenosine triphosphate (H + -ATPase) and chloride
channels, and release of proteolytic enzymes into the clear zone by endocytosis
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[92]. Diminished function of each of the three proteins results in human disease with
excess bone mass demonstrating their critical role in bone resorption [92].
H + -ATPase then transports protons to decrease the pH (to about 4) of the resorp-
tion compartment, while chloride ions are transported to maintain electro-neutrality.
Cytoplasmic carbonic acid is the main source of protons [93]. Passive chloride-
bicarbonate exchanger supplies chloride ions. Acidification mobilizes hydroxyapa-
tite crystals from the bone and provides an optimal activity environment for
proteolytic enzymes like cathepsin K [92]. Collagen type I degradation products are
removed by transcytosis. Products are endocytosed and transported in vesicles to
basolateral surface of the cell and discharged into surrounding intracellular fluid [94].

Fine-Tuning of Osteoclast Formation and Function

The RANKL signaling cascade is regulated at multiple levels to ensure proper con-
trolled osteoclastogenesis. OPG is a neutral antagonist that controls the interaction
between RANK and RANKL [23]. OPG has a high affinity to RANKL and acts as
soluble decoy receptor. Cells of the mesenchymal origin secrete OPG basally and in
response to regulatory signals like cytokines or bone-targeting steroids [95]. The
OPG/RANKL system ensures physiological balance of bone resorption and forma-
tion. Genetic deletion of OPG in humans and mice causes osteoporosis, while OPG
overexpression results in osteopetrosis [23, 96]. Under pro-inflammatory condi-
tions, cytokines suppress OPG and increase RANKL, causing increased osteoclast
formation and activity [95].

RANKL-independent osteoclastogenesis remains controversial. The combina-
tion of TNFoa with TGFp or IL6 can induce osteoclastogenesis dependent on
NFATcl and DAPI12 under pathophysiological conditions [97-99]. Other studies
showed that IL-1 and TNFa stimulate osteoclastogenesis via TRAF-6 and TRAF-2 in
postmenopausal osteoporosis and rheumatoid arthritis but cannot induce it indepen-
dent of RANKL [100]. IL-1 and TNFa seem to increase the expression of M-CFS
and RANKL [101], concluding that pro-inflammatory cytokines synergize RANKL-
induced osteoclastogenesis.

Interferon (IFN)y may serve as an anti-osteoclastogenic cytokine [102]. It has
been shown to be a suppressor of osteoclast formation and function via a negative
feedback pathway in vitro [102], but existing data are conflicting [103]. RANKL
induces IFNy, which simultaneously suppresses RANKL and its downstream genes.

Other cytokines have also been suggested, but the data remain unclear. The lin-
gering confusion may be related to a lack of translation of mouse observations in
human physiology. For example, another c-fms ligand interleukin (IL)-34 can sup-
port osteoclastogenesis together with RANKL [104]. However, since mouse models
that lack functional M-CFS reveal reduced osteoclast, IL-34 may only play a role in
pathophysiological conditions like rheumatoid arthritis [105].
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Osteocytes

Within the mineralized bone matrix, a cellular network of specialized bone cells
directs bone homeostasis. Osteocytes are star-shaped cells that possess several long
dendritic processes connecting osteocytes to one another and cells on the bone
matrix surface to form a global communicative cell network in bone. Nutrient sup-
ply and waste product removal are managed by the surrounding fluid-filled intersti-
tium. The osteocyte cell body lies within a lacuna and each process in a fluid-filled
canaliculus. Through exercise and body movements, the bone matrix and thereby
the fluid inside the lacuno-canalicular system are stretched and compressed and put
a strain upon the osteocytes. The resultant mechanotransduction that dictates bone
remodeling resulted in osteocytes being termed the “mechanosensor of bone”.
Osteocytes can direct the function of both bone-producing osteoblasts and bone-
resorbing osteoclasts, adapting the local bone matrix to withstand loading.

Regulatory Pathways Involved in Osteocytogenesis

Osteocytes are considered terminally differentiated osteoblasts belonging to the
mesenchymal cell lineage. Once a seam of active osteoblasts “finish” their work of
producing the collagen type I-rich osteoid, three potential cell fates have been dis-
covered: I) Osteoblasts can undergo apoptosis as a final endpoint [106]. II) Some
osteoblasts lose their cuboidal, active phenotype and transform into flat bone-lining
cells covering inactive bone surfaces, waiting to be reactivated by signals (e.g.,
parathyroid hormone (PTH)) [107]. IIT) A selective group of osteoblasts will be
embedded into the newly formed matrix. The latter process of embedding requires
the osteoblast to lose most of its cytoplasm, and cell membrane extends to form
dendritic processes [108]. This morphological transformation occurs stepwise to
allow for an initial dendrite budding into the osteoid laid out below the cell body.
During embedding the entire osteocyte forms dendrites in all directions [109].
Several proteins are sequentially expressed during osteocytogenesis and character-
ize the transition from an early, matrix-embedding osteocyte to a late, deeply
embedded osteocyte (Table 16.1).

The molecular drivers of osteocyte differentiation are of current scientific inter-
est, and only a few puzzle pieces have been identified so far. Factors that induce
bone formation by osteoblasts (reviewed in [110]) as well as the external matrix
quality can drive osteocytogenesis [111]. Some specific molecules that promote the
transition of osteoblasts to osteocytes have been identified. E11/podoplanin is one
driver of osteocyte transition by promoting dendrite formation [112]. Fibroblast
growth factor 2 (FGF2) was identified as regulator of E11 in osteocytes. FGF2 pro-
motes osteocytogenesis by E11 translocation to the cell membrane and increases
expression of dentin matrix protein 1 (Dmpl) and phosphate-regulating gene with
homologies to endopeptidases on the X chromosome (Phex) [113].
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Table 16.1 Regulatory molecules and pathways involved in bone homeostasis by osteocytes

Mechanosensation
Matrix Phosphate | Osteocytic | and
Function | Osteocytogenesis | mineralization | homeostasis | osteolysis | mechanotransduction
Signaling | E11/podoplanin | Dmpl Dmpl Vacuolar | NO
molecule | FGF2 Wnt3a FGF23/ ATPase PGE2/Cx43/COX2
Dmpl FGFR1 MMP13/ | Wnt/p-catenin
Phex Phex TGFp BMPs
miR23a MEPE/ TRAP RANKL/RANK
TGFp OF45 Cathepsin | OPG
Prdm16 K Sclerostin

PTHrP/ DKK1
PTHR1 IGF1
Calcitonin | M-CSF
Sclerostin

BMP bone morphogenetic protein, COX2 cyclooxygenase-2, Cx43 connexins 43, DKK1 Dickkopf
1, Dmpl dentin matrix protein 1, FGF23 fibroblast growth factor 23, /GF insulin-like growth
factor 1, M-CSF macrophage colony-stimulating factor, M EPE matrix extracellular phosphoglyco-
protein, NO nitric oxide, OPG osteoprotegerin, PGE?2 prostaglandin E2, Phex X chromosome,
RANKL receptor activator for nuclear factor kB ligand, TGFf transforming growth factor-beta,
TRAP tartrate-resistant acid phosphatase

Further, miRNAs are involved in the osteocyte differentiation. The potential con-
tribution of miRNAs within bone became apparent through observations that the
osteoblast progenitor-specific deletion of Dicer, a miRNA processing RNase III
endonuclease, resulted in early mortality and mineralization defects in mice [114].
The miR23a cluster has been shown to regulate TGFf signaling through the repres-
sion of PR-Domain Zinc Finger Protein 16 (Prdm16) and thereby stimulates osteo-
cytogenesis in mice [115].

Regulatory Pathways Involved in Mineralization

During matrix embedding and osteocyte differentiation, osteocytes are also involved
in the mineralization of the newly produced matrix. Several proteins that contribute
to matrix mineralization are sequentially expressed during osteocyte differentiation
and can be considered differentiation markers as mentioned above.

Dmpl is an acidic phosphoprotein and a member of the small integrin-binding
ligand N-linked glycoprotein (SIBLING) family that is expressed in tooth and bone.
Osteocytes produce large amounts of Dmp1 during the mid-stage of osteocytogen-
esis [116]. Dmp1 aids mineralization of the bone matrix by binding to initial cal-
cium phosphate nanoparticles. This oligomerization stabilizes the calcium phosphate
nanoparticles to direct their binding to the collagenous osteoid [117]. Initial studies
also determined the mechanoresponsiveness of Dmpl expression in osteocytes
[118]. The role of Dmpl in bone matrix mineralization was demonstrated by both
Dmpl-deficient mice and the genetic analysis of patients with autosomal recessive
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hypophosphatemic rickets [119, 120]. Dmp1-deficient mice showed defective min-
eralization of bone that coincided with impaired osteocyte differentiation. Dmp1
regulation of mineralization is based on the full-length form of the protein, which is
not found in bone. Three peptide forms of Dmpl (37kD N-terminal, 57kD
C-terminal, and a chondroitin-sulfate-linked N-terminal fragment) have been iden-
tified within the mineralized matrix that all bind to hydroxyapatite and could affect
mineralization [121]. Subsequently, Wnt signaling induced by Wnt3a ligand was
shown to inhibit mineralization and Dmp1 expression in osteocyte cultures, result-
ing in altered mineral properties with larger and poorly arranged crystals negatively
affecting the mechanical properties of the mineral [122]. Also, Notch signaling
appears to disturb mineralization as well as osteocytogenesis in an autocrine man-
ner, causing a disassembled deposition of hydroxyapatite and by downregulation of
Whnt signaling and impaired osteocytogenesis [123, 124].

Regulatory Pathways Involved in Phosphate Homeostasis

A process inevitably linked to mineralization is the regulation of the phosphate
homeostasis, and several proteins expressed by osteocytes are found to be involved
in this regulation. The Dmp1 null mice exhibited decreased serum phosphate levels
and elevated serum fibroblast growth factor 23 (FGF23) levels caused by excessive
expression of FGF23 by osteocytes [125]. This pathological situation resembles the
autosomal recessive hypophosphatemic rickets [126] characterized by inactivating
mutations in Dmpl, but also the dominant form of heritable hypophosphatemic
rickets due to cleavage-resistant mutations in FGF23 [127] and X-linked hypophos-
phatemia with mutations in the Phex protein [128]. These diseases result in high
FGF23 expression by osteocytes, elevated FGF23 serum levels, and renal phosphate
wasting by FGF23-induced suppression of the abundance of phosphate-transporting
molecules in the proximal renal tubule leading to reduced reabsorption of phosphate
from the urine. The pathologies cause similar skeletal abnormalities, including
defective mineralization of the bone matrix and dysplasia pronounced as rickets
during childhood and osteomalacia during adulthood. The pathological role of
FGF23 is also associated with chronic kidney disease, where osteocyte expression
of FGF23 serves as an endocrine regulator of the phosphaturia in the kidneys and
contributes to the increased cardiovascular mortality [129].

FGF23 can be induced by several humoral factors, e.g., PTH or vitamin D
(reviewed in [130]). The ratio of the mineralization-substrate phosphate to the
mineralization-inhibitor pyrophosphate appears particularly important in the regu-
lation of FGF23 secretion [131]. Mice lacking the pyrophosphate generating
enzyme ectonucleotide pyrophosphatase (ENPP1) present a rickets phenotype and
elevated FGF23 levels [132]. FGF23 seems to direct bone mineralization by the
transcriptional suppression of TNAP. This effect was independent of the FGF23
receptor a-Klotho that is expressed at a relevant level in bone tissue [133]. While the
molecular pathways regulating FGF23 production are not entirely elucidated to
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date, FGF receptor 1 (FGFR1) signaling may be involved as the osteocyte-specific
ablation of FGFR1 partially rescues FGF23 secretion in Hyp mice [134]. Gain-of-
function mutations in FGFR1 can promote FGF23 secretion in patients [135]. The
regulatory pathways to control FGF23 expression in osteocytes are tightly linked to
Dmpl and Phex expression. Double mutant Phex and Dmp1 mice (Hyp/Dmpl—/-)
showed non-additive elevations of serum FGF23, resulting a similar osteomalacia
and rickets phenotype as seen in the single mutants [136]. Dmp1 contains the so-
called ASARM motif (small protease-resistant phosphorylated acidic serine
aspartate-rich MEPE-associated motif) that can be bound by Phex and prevent
FGF23 transcription [137].

The intricacies of FGF23 regulation appear endless considering the revealed
complexity of the posttranslational modifications of FGF23, and the protein may
be protected from cleavage by O-glycosylation via  polypeptide
N-acetylgalactosaminyltransferase 3 (GalNT3), or phosphorylated by family with
sequence similarity 20, member C (FAM20C), to favor cleavage of FGF23 [138].

Regulatory Pathways Involved in Osteocytic Osteolysis

Osteocytes control their surrounding bone matrix — the perilacunar and pericana-
licular matrix — by means of osteocytic osteolysis [139]. With lactation, a calcium
demanding condition due to milk production, osteocytes contribute to osteoclast-
driven bone resorption and generation of free calcium from their surrounding bone
matrix [140]. During this process, osteocytes demineralize their perilacunar matrix
by acidifying the microenvironment involving the vacuolar ATPase as a proton
pump [141]. By mechanisms unclear to date, osteocytes can resist the acidic envi-
ronment produced and sustain a significantly higher viability compared to other
cell types in similar conditions [141]. The process is reversible and osteocytes
likely contribute to bone re-formation post-lactation [142]. During the lytic pro-
cess, osteocytes not only demineralize the matrix but also utilize proteases (e.g.,
matrix metalloproteinase 13 (MMP13), tartrate-resistant acid phosphatase (TRAP),
and cathepsin K) to digest the organic part of the perilacunar matrix [140, 143].
TGFp signaling has been shown to be involved in the process of osteocytic osteoly-
sis involving MMP13 [144]. The osteocytic osteolysis with lactation involves the
PTH related peptide (PTHrP)-induced PTHRI signaling, which if blocked in
Dmpl-expressing osteocytes prevents the enlargement of osteocyte lacunae with
lactation [140].

The calcium hormone calcitonin is also implicated in osteocytic osteolysis.
Lactating calcitonin receptor-deficient mice reveal larger osteocyte lacunae than lit-
termate controls [145]. The protective role of calcitonin was indicated by calcitonin
inhibition and periosteocytic demineralization in disuse osteoporosis [146].

The presence of osteocytic osteolysis remains seems a matter of controversy
with immobilization or disuse (reviewed elsewhere [142]). The Wnt inhibitor
sclerostin is involved in both unloading and osteocytic osteolysis. Sclerostin act in
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an autocrine/paracrine fashion to induce osteocyte expression of resorptive genes
and lower the pH of culture medium in vitro [147].

Regulatory Pathways Involved in Mechanosensation
and Mechanotransduction

The location within a fluid-filled lacuno-canalicular system in the mineralized bone
matrix makes osteocytes well-suited to sense, transduce, and translate the mechani-
cal load that is placed upon the skeleton. Early work by Frost et al. predicted an
adaptive process of bone turnover that depends on the activity level of the individ-
ual [148]. In response to mechanical loading, osteocytes release secondary mes-
sengers including prostaglandin E2 (PEG2) and nitric oxide [149, 150], thereby
regulating bone turnover. Osteocytes were shown to be highly sensitive to fluid flow
in vitro that simulate forces that osteocytes could experience in vivo [151, 152].
Osteocytes also align to the load axis and possess different cytoskeletons if harbor-
ing in a non-load-bearing calvaria or a load-bearing fibula [153, 154], implying
direct sensation of bone matrix deformation by osteocytes. These mechanosensa-
tion mechanisms are influenced by the morphological features of the osteocyte
lacuno-canalicular network, since shape affects the applied shear stresses to osteo-
cytes and the transmission of strain to the immediate osteocyte microenvironment
[155, 156].

The mechanical forces transmitted by the fluid and matrix deformation to the
osteocyte are most likely sensed by either tethering elements, connecting the den-
drite to the pericanalicular matrix [157], the primary cilia of the osteocytes [158], or
potentially mechanosensitive ion channels. While high-resolution imaging and
experimental models support the theory that tethering elements along with strain
amplification are the main osteocyte mechanosensor [159], the intracellular trans-
mission is less clear. The primary cilium is a microtubule-based structure that
extends outward from the cell. A lack of response to anabolic loading was found in
in osteoblast-specific kinesin-like protein 3a (Kif3a)-deficient mice [160] and
osteocyte-specific polycystic kidney disease 1 (PKD1)-deficient mice [161]. Both
genes regulate the function and structure of the cilium. Recently, the mechanosensi-
tive ion channel Piezol was shown to play an important role in mechanosensation
of osteocytes [162].

Several key molecules have been identified that are important for mechanotrans-
duction. One of the most prominent is connexin 43 (Cx43), which functions as part
of the gap junctions connecting osteocyte dendrites to one another and as part of
hemichannels mediating the release of the secondary messenger PGE, into the fluid-
filled lacuno-canalicular system [163]. The expression of Cx43 is induced in osteo-
cytes of the alveolar bone in an in vivo model of tooth movement and in vitro
induced by fluid shear stress, demonstrating the potential role of Cx43 in the regula-
tion of bone mechanotransduction [164, 165]. Mice lacking Cx43 in osteocytes
exhibit increased bone-anabolic mechanoresponsiveness in vivo and are protected
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against bone loss induced by unloading [166, 167], suggesting that osteocytes
restrain bone responsiveness to the mechanical stimuli through the expression
of Cx43.

Immune Cells That Participate in Skeletal Homeostasis

Over the past years, the reciprocal interaction between the immune and the skeletal
system gained recognition in bone research, resulting in a new interdisciplinary
research field called “osteoimmunology” [168—170]. The most important concepts
in osteoimmunology arose from the observation of increased bone loss and fracture
risk in various inflammatory and autoimmune diseases such as rheumatoid arthritis
and chronic viral infections [171-177]. The discovery of RANK and RANKL, two
molecules that were first identified as important factors expressed on T cells and
dendritic cells, and their later identification as key osteoclastogenic molecules have
clearly established the link between the immune and the skeletal system. The impor-
tance of RANKL as a key regulator of osteoclastogenesis especially during inflam-
mation was further underlined by the discovery of Kong and colleagues, who
identified that activated T cells in adjuvant arthritis are capable of inducing osteo-
clastogenesis through the RANKL/RANK/OPG axis [172]. Since then, a number of
regulatory molecules including cytokines, receptors, signaling molecules, and tran-
scription factors have been identified in both the skeletal and the immune system
[178]. Therefore, changes in one system under physiological or pathological condi-
tions likely affect the other. Thus, understanding the mechanisms of action of osteo-
immunology will help in the development of new therapeutic drugs to treat bone
loss in inflammatory diseases. In the following, we will discuss the impact of differ-
ent immune cell populations on bone turnover (Fig. 16.2).

For instance, macrophages promote osteoblastogenesis by the secretion of inter-
leukin-18 [179], whereas T cells are known to influence osteoclastogenesis mainly
by secretion of various cytokines such as IL-1, IL-6, IFNy, or IL-4 [180, 181].

T Lymphocytes

Among the immune cells, T lymphocytes play a predominant role in the regulation
of bone turnover. According to the subunits that form the T cell receptor (TCR),
these lymphocytes can be divided into two classes expressing either aff or yd TCR
on their surface [182]. The majority of T lymphocytes are aff T cells, which express
either CD4 or CD8. Most of yd T cells lack CD4 and CDS8 expression, and their
functions remain largely unknown [183]. How T cells affect bone remodeling
depends on their activation state. Under pathological conditions such as estrogen
deficiency [184, 185] and inflammatory diseases such as rheumatoid arthritis and
periodontitis [172, 186], activated T cells (CD4+, CD8+, and TH17) modify bone
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Fig.16.2 Interaction of bone and immune cells. RANKL secreted by activated T and B cells initi-
ates osteoclastogenesis by binding to its receptor, RANK, which is expressed on preosteoclasts.
OPG secreted by osteoblasts and T, cells acts as a RANKL decoy receptor and subsequently
prevents RANKL-RANK binding. Under physiologic conditions, OPG/RANKL is in equilibrium
and preserves bone homeostasis. Under inflammatory conditions, RANKL is upregulated, while
OPG is downregulated. T helper cells (Th1/Th2/Th17) secrete numerous pro-inflammatory cyto-
kines, stimulating RANKL expression and thereby osteoclast formation and activity. Also pro-
inflammatory M1 macrophages and mast cells are known to produce cytokines that promote bone
resorption. Dendritic cells on the other hand are indirect players in inflammation-induced bone loss
as they regulate T cell activity through a direct RANK-RANKL interaction

homeostasis. One of the most important findings in this context is that activated T
cells express high levels of RANKL, thereby promoting osteoclastogenesis and
bone loss [181]. However, little is known about the role of T cells in physiological
bone homeostasis and about their crosstalk with osteoblasts. Under physiological
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conditions, T cells are not considered a significant source of RANKL as T cell-
deficient mice do not show diminished Rankl mRNA expression in their bone mar-
row [187]. Previous studies indicate that resting T cells blunt osteoclast formation
in vitro [188] and attenuate bone resorption in vivo [187]. In line with this, T cell-
deficient mice exhibit increased bone resorption, resulting in reduced bone density
when compared to controls [189]. Indeed, depletion of CD4+ and CD8+ T lympho-
cytes in mice showed that T cells can also mediate anti-osteoclastogenic signals
in vivo. The authors suggested that T cells enhance vitamin-D3-stimulated osteo-
clast formation in vitro by yet unknown mechanisms involving decreased OPG pro-
duction [190]. CD4+ T cells can be subdivided into different subsets based on the
produced cytokines (Th1 (IFNy), Th2 (IL-4), and Th17 (IL-17)). Even though Thl
and Th2 produce cytokines that mediate osteoclast formation and function (e.g.,
TNF, IL-6), they might also be capable of inhibiting osteoclast differentiation by
releasing IFNy and IL-4, respectively [191]. The role of IL-17 in bone homeostasis
was first demonstrated by Kotake et al. who identified IL-17 is a potent stimulator
of osteoclastogenesis in the synovial fluid of rheumatoid arthritis patients [192].
Indeed, it is now validated that Th17 cells are increased in various bone diseases and
that it significantly contributes to increased bone resorption [191, 193]. While the
previously mentioned CD4+ T cell subsets have been shown to mainly promote
osteoclastogenesis, anti-inflammatory CD4+ T, are known to inhibit osteoclast
differentiation by secreting OPG [194-196]. Similar to T, CD8+ T cells have a
bone protective role, as they suppress osteoclastogenesis mainly due to soluble mol-
ecules [197].

Beside their function as regulators for osteoclastogenesis, an increasing body of
evidence points toward an important role of T cells as activators of bone formation,
as they are able to produce and secrete Wnt ligands (e.g., Wnt10b) that can activate
Wnht signaling in osteoblastic cells [198—200]. A role of the canonical Wnt pathway
in T cell biology (T cell development, CD8+ memory T cell formation, and regula-
tory T cell function) has been suggested in multiple experimental systems with
varying results [201-204]. Chae et al. showed that Dkk1 is uniquely expressed at
the cell membrane of Foxp3+ T, cells to inhibit T cell-mediated autoimmune coli-
tis [205]. Furthermore, we previously demonstrated that T cell-specific Dkk1 dele-
tion resulted in a high bone mass primarily due to an increased bone formation
(Colditz and Rauner, unpublished data). In line with this, co-culture experiments
revealed that inactive T cells promoted osteoblast differentiation. It should be noted
that bone cells spontaneously or in response to specific stimuli secrete cytokines,
thereby inducing the differentiation of naive helper T cells into mature T cell popu-
lations that in turn regulate bone homeostasis [206]. Interestingly, activated T cells
suppressed osteogenic differentiation and thus had opposing effects on osteoblasts
than resting T cells. It was already shown that the activation of T cells increases
their cytokine production, which may exert negative effects on osteoblasts [207].
Taken together, T cells can have multiple effects on bone, depending mainly on their
activation status and phenotype.
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B Lymphocytes

B cells not only represent an important cell population of our immune system by
producing antibodies and working as antigen-presenting cells, but they are also
important regulators of bone resorption as they are considered the dominant produc-
ers of bone marrow OPG [187]. B cell-deficient mice exhibit a reduced bone mass,
indicating that these immune cells play an important role in the maintenance of
bone homeostasis [187]. Indeed, the osteopenic phenotype of B cell knockout mice
was associated with a loss of OPG mRNA and protein expression [187]. While rest-
ing B cells have not been shown to produce high amount of RANKL, they are con-
sidered an important RANKL source under inflammatory conditions [208]. B cells
in multiple myeloma have been shown to increase osteoclastogenesis directly by
producing RANKL [209] or indirectly by IL-7 secretion [210, 211]. Malignant B
cell-derived plasma cells in multiple myeloma patients also produce an increased
amount of Dkkl1 and sclerostin, two important inhibitors of osteoblast differentia-
tion [212-214]. Additionally, B lymphopoiesis is upregulated during estrogen defi-
ciency [215], while it is downregulated by estrogen treatment [216], suggesting a
role of B cells in estrogen deficiency-induced bone loss [217]. Indeed B cells that
express the B220 marker have not only been shown to be able to transdifferentiate
into osteoclasts in vitro [218], but they are also more abundant in ovariectomized
mice [219] and have been demonstrated to secrete RANKL in estrogen-deficient
postmenopausal women [220]. In line with this, mice lacking RANKL in B cells are
protected from ovariectomy-induced bone loss [221]. However, peripheral blood B
cells have also been shown to inhibit osteoclast formation in vitro, which is partially
mediated by TGFp secretion [222], a cytokine that stimulates the apoptosis of
osteoclasts [222-224]. Depletion of B cells in vivo aggravated periodontitis-induced
bone loss, indicating that B cells do limit bone resorption under certain conditions
[225]. Thus, the role of resting B cells in bone remodeling seems to be minimal,
while activated B cells seem to play a more prominent role in many inflammatory
or malignant diseases which are associated with bone changes.

Previous studies showed that T cell-deficient CD40 knockout mice are osteopo-
rotic, suggesting that T and B cells cooperate with each other by enhancing OPG
production by a CD40/CD40L mediated co-stimulation [187]. Accordingly, low
bone density has been found in children with X-linked hyper-Ig syndrome, where
CD40L production is impaired due to a mutation of the CD40L gene [226]. However,
as T cells need to be activated to express CD40L and only a few activated T cells are
found under basal conditions, the relevance of this mechanism for basal bone
homeostasis remains unclear.

Mast Cells

Mast cells are found in most tissues including bone and are known to exert critical
immunoregulatory roles in various immune disorders through the release of media-
tors such as histamine, leukotrienes, cytokines, and chemokines [227-229].
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However, up until now, the exact molecular mechanisms by which mast cells con-
tribute to the pathogenesis of arthritis, atherosclerosis, cancer, and obesity are
unclear. Mast cells are known to not only produce TGF-f, TNF, IL-1, IL-3, and
IL-6, cytokines known to stimulate bone resorption, but also RANKL [230, 231]. In
line with this, a number of studies found an association between mastocytosis and
reduced bone quality [146, 232-235]. Under physiological conditions, mast cells
modulate bone homeostasis as mast cell-deficient mice exhibit enhanced osteoclas-
togenesis with concomitant slow formation of newly synthesized bone matrix, while
mineralization rates remain normal [231]. Lack of chymase, a mast cell restricted
protease, however, led to expansion of diaphyseal bone, which was associated with
increased levels of a bone-anabolic serum marker and a higher periosteal bone for-
mation rate [236]. Furthermore, mice that lack histamine decarboxylase, an enzyme
required for the production of histamine, exhibited increased bone resorption [237].
An increased number of mast cells have been found in ovariectomized rat [238] as
well as postmenopausal women suffering from osteoporosis [239], indicating an
important role of mast cells in estrogen deficiency-induced bone loss. Overall, there
is still a lack of knowledge on the role of mast cells on bone turnover under physi-
ological and pathological conditions.

Monocytes/Macrophages

Monocytes and macrophages have crucial and distinct roles in tissue homeostasis
and immunity. Macrophages are heterogeneous immune cells and are polarized into
pro-inflammatory M1 and anti-inflammatory M2 macrophages depending on the
environment [240]. Macrophages as well as macrophage-derived factors play an
important role in the pathogenesis of inflammatory diseases. Macrophages have
been shown to directly interact with bone cells and play a critical role in bone for-
mation [241]. Under physiological conditions the majority of macrophages display
an M2 phenotype, which maintain tissue homeostasis as they secrete IL-10 and
TGF-B, thereby inhibiting bone resorption [242, 243]. However, under inflamma-
tory conditions macrophages are activated and polarized to the M1 phenotype that
contribute to tissue damage by the production of nitric oxide and pro-inflammatory
cytokines (TNF-a, IL-1f, and IL-12), resulting in an induction of bone resorption
[244]. Bone-resident macrophages, also called “osteomacs,” have been shown to
promote bone formation, as removal of osteomacs from primary calvarial osteoblast
culture resulted in a significant decrease in mineralization of osteoblasts [245].
Similar to resident macrophages, inflammatory macrophages can influence bone
formation. While classically M1 macrophages have been shown to produce
oncostatin M [246], which promotes osteogenesis, alternatively activated M2 mac-
rophages have been shown to induce osteoblast formation in a oncostatin
M-independent manner [247, 248]. It is well established that macrophages play a
crucial role in the pathogenesis of rheumatoid arthritis, as they are considered the
main source of the pro-inflammatory cytokines, which in turn activate endothelial
cells, induce synovial inflammation, and increase osteoclastogenesis, thus finally
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leading to joint damage [249, 250]. Indeed, macrophages are able to promote T cell
migration and polarization, as they secrete cytokines known to induce Thl and
Th17 polarization [251]. Furthermore the differentiation of macrophages into osteo-
clasts contributes to bone erosion due to induced expression of RANKL in synovial
fibroblasts by pro-inflammatory cytokines [240]. Taken together, these results sug-
gest that macrophages have crucial effects on bone remodeling during bone
inflammation.

Apart from macrophages, monocytes can differentiate into dendritic cells (DC),
which are the most efficient antigen-presenting cells and key players in the regula-
tion of T cell immunity against pathogens and tumors [252]. DCs seem to not con-
tribute to normal bone homeostasis, as DC-deficient mice have no altered bone
phenotype [253]. While DCs are rarely localized in the bone under physiological
conditions, active lesions in rheumatoid arthritis and periodontitis contain both
mature and immature DC in different compartments of affected tissue surrounded
by bone [254-259]. DCs have been described to interact through RANK-RANKL
with T cells and are thereby considered active indirect players in inflammation-
induced bone loss through regulation of T cell activity [254-260]. Apart from influ-
encing T cell biology, DCs have been shown to transdifferentiate into osteoclasts in
the presence M-CSF and RANKL and thereby might directly contribute to osteo-
clastogenesis [261]. Hence, DCs are of great importance in inflammatory condi-
tions, while they do not seem to contribute to normal bone homeostasis.

Coupling of Bone Resorption and Formation

Bone tissue functions to withstand and enable our daily locomotion, while ensuring
mineral homeostasis of the body, two intricate functions that rely on the timely and
locally coupled activity of bone formation and bone resorption [262]. Osteocytes
contribute to bone remodeling via osteocytic osteolysis and the regulation of miner-
alization; those functions will not be further elucidated here; rather the orchestration
of osteoclast and osteoblast activities by osteocytes will be discussed.

The coordinated activity of bone remodeling relies on two major activities: (i)
the demineralization and proteolytic degradation of the bone matrix by osteoclasts
and (ii) the activity of osteoblasts to form the unmineralized type I collagen-rich
osteoid. Bone remodeling may start with the formation of microcracks caused by an
inappropriately high loading for the existing bone matrix quality. Thereby, RANKL
is released as part of apoptotic bodies of microcrack-damaged osteocytes and is
actively produced by neighboring osteocytes [263, 264]. RANKL produced by cells
of the osteoblast lineage (osteoblasts and osteocytes) contributes in the activation of
signaling pathways involved in osteoclast differentiation, osteoclast activity, and
survival through the interaction with the surface receptor RANK to promote bone
resorption [265]. With unloading, the role of osteocyte-released RANKL becomes
apparent [266]. RANKL conditional knockout mice are protected from hind-limb
unloading-induced bone resorption [72, 267]. RANKL is initially produced as a
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membrane-bound protein that once cleaved by proteases exists also in a soluble
form (SRANKL). Both forms seem to have different roles in resorption activation,
with SRANKL being indispensable for estrogen deficiency-induced bone loss [268].
Further, osteocytes produce the signaling molecules M-CFS and OPG to directly
drive osteoclast differentiation or oppose osteoclast formation, respectively
[269, 270].

Once the resorptive activity of osteoclasts ceases and the reversal phase is initi-
ated, bone formation proceeds. Bone formation can be both induced and inhibited
by osteocyte signals depending on the loading situation. Nitric oxide, a signaling
product of mechanically loaded osteocytes [149], has emerged as a stimulator for
osteogenic response. Inhibition of nitric oxide in rats has been shown to inhibit
bone formation [271, 272]. Accumulating evidence exists that PGE, secreted by
mechanically loaded osteocytes through Cx43 hemichannels contribute to the
bone’s adaptive response to mechanical stimuli [163, 273]. Mechanical loading
results in increased production of cyclooxygenase-2 (COX2), the key enzyme
required for PGE, synthesis, as shown in bone cells of rat in vivo as well as in
human and chicken osteocytes in vitro [ 150, 274]. On the other hand, in the absence
of mechanical stimuli or with postmenopausal estrogen deficiency, the bone-ana-
bolic Wnt signaling is inhibited in osteoblasts through the release of the Wnt inhibi-
tors sclerostin and Dkk1 from osteocytes [56, 59]. Sclerostin inhibits the activation
of Wnt/p-catenin signaling in osteoblasts, resulting in reducing bone formation
activity, but also resulting in enhanced osteoclast recruitment via increased RANKL
and reduced OPG expression [275, 276]. Osteocytes respond to different stimuli
(e.g., exercise, PTH, and estrogen) by secreting less sclerostin, resulting in increased
activity of the Wnt signaling pathway and enhanced osteoblast-mediated bone for-
mation [277, 278].

In addition to the regulation by osteocytes, osteoclasts couple to osteoblasts and
vice versa by utilizing several factors, some of which (e.g., RANKL and OPG) have
already been mentioned. However, it may not always appear straightforward to
imagine that this cellular crosstalk of osteoclasts and osteoblasts exists on the same
bone surface at the same time [279]. There is a true multitude of factors known to
signal in between the actors of bone remodeling, and intensive reviews can be found
elsewhere [280, 281]. During bone resorption some coupling factors are released
from the bone matrix and could potentially act upon osteoblast precursors, signal-
ing their replication, recruitment, and differentiation. Here, platelet-derived growth
factor (PDGF), BMP2 and 4, IGF1, and TGFf1 play a role [282-285]. In addition,
osteoclasts secrete coupling factors (e.g., sphingosine-1-phosphate, cardiotro-
phin-1, complement factor 3a, and many more) [286—288]. Though not widely
accepted, a potential cell-to-cell contact might also direct interactions between
osteoclasts and osteoblasts or their progenitors. Coupling factors that are mem-
brane-bound have been defined, and EphrinB2 [39] and Semaphorin D were pro-
posed to be of importance in bone homeostasis [289, 290]. Future research will
demonstrate the biological relevance of the individual regulatory mechanisms of
bone remodeling and most likely introduce further new players into the signaling
machinery.
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Bone Homeostasis Contributes to the Inter-organ Crosstalk
Between Bone and Peripheral Organs

For many years, bone was only considered as an endocrine target organ that responds
to hormones like PTH. However, several lines of evidence suggest that the skeletal
system participates in inter-organ crosstalk through secreted factors called osteo-
kines that have effects on peripheral organs such as the muscle, liver, kidney, pan-
creas, and brain and the cardiovascular system. Therefore bone actively contributes
to whole body homeostasis (Fig. 16.3). Mainly osteoblasts and osteocytes produce
and secret endocrine factors that are capable of altering distant tissue functions. In
recent years, the function of bone-derived circulating FGF23 and osteocalcin was
intensively studied.
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Fig. 16.3 The multifaceted inter-organ crosstalk between bone and peripheral organs through
osteokines. Bone cells secrete osteokines like osteocalcin, fibroblast growth factor 23 (FGF23),
dentin matrix protein-1 (DMP-1), matrix extracellular phosphoglycoprotein (MEPE), phosphate-
regulating gene with homologies to endopeptidases on the X chromosome (PHEX), receptor acti-
vator of nuclear factor-kappa B ligand (RANKL), prostaglandin E2 (PEG2), and WNT-3A [291].
An exemplary list of peripheral organs is shown. The figure was created using Servier Medical Art,
licensed under a Creative Commons Attribution 3.0 Unported License
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FGF23

FGF23 is one of the most important osteocyte-secreted molecules [292]. The
binding of FGF23 to its receptor FGFR is Klotho-dependent [293]. Targets organs
of FGF23 are multifaceted (e.g., kidney, parathyroid gland, and the cardiovascular
system).

The FGF23 bone-kidney axis plays an important role in phosphate homeosta-
sis that is dependent on bone-secreted FGF23. FGF23 inhibits the expression of
renal sodium/phosphate co-transporters as well as 1-a hydroxylase, which are
essential for renal phosphate reabsorption and vitamin D metabolism [294,
295], causing increased urinary phosphate excretion and reduced phosphate
absorption.

The signaling between bone and the parathyroid gland is also bidirectional.
Parathyroid gland-secreted PTH increases FGF23 expression in osteocytes, which
acts on the parathyroid gland to diminish PTH secretion [292].

A major milestone in the understanding of the bone-heart/vascular axis was the
observation that circulating FGF23 levels associated with altered cardiac and vas-
cular function [296]. High serum FGF23 levels were independently associated
with elevated risk for cardiac hypertrophy and mortality in patients with and with-
out chronic kidney disease [297-300]. There are numerous explanations for the
prognostic finding, including FGF23-induced endothelial dysfunction [301], arte-
rial stiffness [301, 302], vascular calcification [303, 304], inflammation [305],
stimulation of the renin-angiotensin system [306], and left ventricular hypertrophy
[300, 307].

Osteocalcin

Osteocalcin (OCN) acts as a marker for osteoblast activity and bone formation and
regulator of osteoclast activity. OCN is a non-collagenous, vitamin K-dependent
protein that acts on multiple peripheral organs, especially in its metabolic active
uncarboxylated form [308]. OCN plays an important role in brain development and
cognitive function [309] and in energy metabolism [16]. Evidence from animal
studies showed that OCN can have an effect on pancreas, adipose tissue, male
gonads, and muscle to regulate insulin secretion, insulin sensitivity, male fertility,
and muscle power through the peripheral receptor G protein-coupled receptor 6a
[17, 19, 310]. Interestingly, exogenous OCN treatment preceding exercise was suf-
ficient to enhance exercise capacity in mice [17]. OCN also affects muscle tissue in
human [311]. Recent data revealed that OCN acts as a mediator for vascular calcifi-
cation in vivo that is mediated by the Wnt/pB-catenin signaling pathway and mito-
chondrial dynamics [312].
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Other Osteokines

Other osteocyte-derived osteokines (e.g., PHEX, DMP-1, sclerostin, RANKL,
PGE2, and Wnt 3a) are known to have paracrine effects on peripheral tissue [292].
PGE2 and Wnt 3a, two molecules secreted in response to shear stress, support myo-
genesis and muscle function [313, 314]. Recently, it was shown that RANKL
impairs muscles strength and insulin sensitivity in mouse and human [315].

Conclusion

The importance to maintain bone homeostasis is underlined by the tightly regulated
process of bone cell communication via mechanical sensors and secreted factors. In
this process each cell is highly specialized. A better understanding of bone homeo-
stasis has led to the development of successful therapeutic strategies targeting dis-
tinct pathways (e.g., osteoclast differentiation by RANKL antibodies and osteocyte
biology using sclerostin antibodies).

The knowledge that bone is not only an endocrine target organ but also signals
via secreted factors to peripheral organs triggered the development of new research
fields that study bidirectional inter-organ crosstalk (e.g., the bone-muscle axis
(musculoskeletal research), bone-immune system axis (osteoimmunology), and
bone-vascular axis). Clinical findings and animal models indicate an association
between osteoporosis and cardiovascular calcification [316, 317]. Various in vitro
and in vivo studies suggest that cellular and molecular processes in cardiovascular
calcification are similar to those seen in pathological bone remodeling. However,
whether the calcification paradox is a cause of shared risk factors and common
underlying mechanisms or due to unknown bone-secreted factors is currently
under debate.

Placing the bone as a central organ of our body, a deeper understanding of the
role of physiological and pathophysiological bone homeostasis on the secretion of
molecules that affect target organs will be helpful in the identification of new targets
that prevent comorbidities.
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