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Abstract

Bone remodeling is a tightly regulated resorption and formation of bone ma-
trix for physiological processes or to maintain bone function. Bone remode-
ling involves the synchronized differentiation and activity of bone-related cell
types including bone matrix-depositing osteoblasts, bone matrix-resorbing
osteoclasts, collagen/extracellular matrix-producing chondrocytes, and the
progenitors of these cell types. T and B cells are adaptive immune cells that
can influence bone remodeling by directly regulating the function of bone-
related cells under normal and pathophysiological conditions. The specific
mechanisms through which T cells control remodeling are not well defined.
Here, we review the impact and influence of T cells and their products on the
differentiation and function of bone cells during bone remodeling. Synthe-
sizing new connections and highlighting potential mechanisms may promote
additional avenues of study to elucidate the full role that immune cells play in
regulating bone homeostasis.
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1. Bone Remodeling

Bone remodeling is an important component of bone homeostasis and the later
stages of bone repair. It functions to protect the structural integrity of the skelet-
al system and contributes to the biochemical maintenance of the body’s calcium
and phosphorous levels. During this process old or damaged bone is resorbed
and replaced with new bone material which occurs in three phases: bone matrix
resorption, non-mineralized osteoid deposition, and osteoid maturation [1] [2].
During the resorption phase, monocyte/macrophage-derived osteoclasts se-

crete hydrogen ions and proteases to respectively, dissolve and destroy the min-
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eral and proteinaceous components of bone matrix. Bone matrix resorption oc-
curs at discrete locations on the bone to remove damaged bone tissue in advance
of bone matrix deposition [1] [3]. Bone matrix resorption can also be stimulated
by physiological cues, such as low serum calcium or the release of various me-
diators. For instance, T cells, B cells, or osteoblasts can secrete RANKL (Recep-
tor activator of NF-xf Ligand) which can promote monocytes to differentiate
into osteoclasts. RANKL is an essential cytokine that binds to RANK (Receptor
activator of NF-«p) receptor expressed on osteoclast progenitor cells resulting in
the expression of osteoclast-related genes and acquisition of osteoclast pheno-
type [TRAP, Tartrate-resistant acid phosphatase activity, Cathepsin K gene ex-
pression, and bone matrix resorption] [3] [4]. RANKL is expressed by mature
osteoblast cells, as well as T cells that have been activated under inflammatory
conditions [4] [5] [6] [7]. Lymphocyte-associated RANKL expression is ob-
served in the context of bone repair or diseases like rheumatoid arthritis [RA] or
multiple myeloma [4] [8] [9].

During osteoid formation, mesenchymal stromal cells and other stem cell
populations can be induced to differentiate into osteoblasts by growth factors,
especially bone morphogenic proteins (BMPs) [1] [3] [10]. Osteoblasts secrete
mainly Type 1 collagen (collal), lesser amounts of other collagens, and other
extra-cellular matrix proteins to form non-mineralized osteoid. To mature the
osteoid into bone matrix, enzymes secreted by osteoblasts, such as alkaline
phosphatase, help catalyze the precipitation of calcium and the formation of hy-
droxyapatite, which is the primary mineral component of bone [11]. The hy-
droxyapatite crystalizes around the collagen fibers of the osteoid to produce mi-
neralized and mature bone matrix [1] [3]. During this phase, osteoblasts may
become trapped in the matrix and differentiate into specialized osteoblasts called
osteocytes. The osteocytes sense mechanical load and help regulate bone mineral
content and quality [12] [13] [14]. Together osteoblasts, osteoclasts, and osteo-
cytes work in a coordinated manner to ensure bone remodeling is properly re-

gulated.

2. Immune Cell Connections to Bone Remodeling

Cells of both the innate (monocytes/macrophages, dendritic cells, granulocytes,
natural killer (NK) cells) and adaptive (T cell, B cells) immune system contribute
to bone remodeling [15] [16] [17] [18] [19]. Innate and adaptive immune cells
interact with their environment through the secretion of cytokines [15] [17].
These cytokines modulate the behavior and function of immune cells in an au-
tocrine and paracrine manner and can regulate the function of other cell types
and tissues via similar signaling pathways [20] [21] [22]. Pattern or inflamma-
tion activated innate immune cells serve as a source of key inflammatory cyto-
kines such as Interlukin-1 (IL-1), Interlukin-6 (IL-6), Interferons (IFNs), Tumor
Necrosis Factor-a (TNF-a). Although homeostatic bone remodeling is not typi-

cally associated with the immune response, immune-cell secreted cytokines may
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directly or indirectly regulate the activity of bone-related cells while supporting
immune surveillance/function (e.g., phagocytosis of cellular debris following
apoptosis/necrosis programmed cell death) [2] [16] [18] [19] [23]. Likewise,
bone-related cells may also modulate the behavior and activity of immune cells
in the context of bone remodeling [24]. As such, understanding the role of im-
mune cells, specifically T cells in bone remodeling may help identify secondary

functions of the immune system.

3. T Lymphocyte Physiology

T cells are a major component of the adaptive immune system and function to
protect the body from infection by external pathogens or from malignancies
which may develop from transformed, abnormal cells. All T cells express a
unique receptor called the T cell receptor (TCR). A TCR is capable of recogniz-
ing an antigen that is displayed on another cell through is major histocompati-
bility complex receptors (MHCs) [25]. T cells are characterized by the expres-
sion of a TCR, T cells overall represent a highly diverse and varied group of cells
with unique phenotypes and functional characteristics. At the highest level, T
cells are characterized by their expression of the co-receptors CD4 or CD8 [25]
[26]. CD4 T cells or helper T cells play a critical role in response to infection or
cellular transformation. These cells secrete cytokines in the secondary lymphoid
and/or peripheral tissues in response to antigen which influences the differentia-
tion and polarization of innate immune cells like granulocytes and macrophages
as well as the development and differentiation of adaptive immune cells like B
cells and other T cells [14] [16] [17]. Helper T cells can be further segregated in-
to subsets based on the profile of secreted factors, typically driven by master
transcriptional regulators (TRs) like T-bet for T helper 1 (Th1) cells and GATA3
for Th2 cells [25] [26] [27] [28].

Thl cells express and secrete inflammatory cytokines like IFNy and TNFa
that serve to promote and enhance acute immune responses through activation
of macrophages and dendritic cells. Inflammatory cytokines also facilitate the
activity of CD8 T cells and induce the generation of IgG class immunoglobulins,
the primary antibodies associated with pathogen neutralization through opsoni-
zation and complement-mediated destruction. [25] [26] [27] [28]. Conversely,
Th2 cells secrete cytokines and other factors that are involved in the resolution
of inflammatory responses and/or the polarization of granulocytes and the pro-
duction of IgE which are the primary cell type and immunoglobulin involved in
the anti-parasitic immune response, respectively [25] [26] [27] [28]. Th17 cells
are another major class of helper T cell with diverse functions that include
pro-inflammatory and anti-inflammatory elements. Th17 cells are characterized
by the expression of the master transcriptional regulator, RORt, and the secre-
tion of IL-17 family of cytokines as well as IL-23 [29] [30]. IL-17 has been shown
to contribute to the differentiation of osteoblasts and osteoclasts 7n vitro and in

vivo and dysregulation of the IL-17 axis is associated with rheumatological dis-
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eases that affect bone [31] [32] [33] [34] [35].

CD8 or cytotoxic T cells are the primary cell type associated with adaptive,
cell-mediated cytolytic activity [25] [26] [36]. CD8 T cells express cellular ma-
chinery that is capable of inducing pore formation cellular membranes along
with cytotoxic granules containing proteolytic enzymes that induce apoptosis in
target cells [20] [37]. CD8 T cells become activated and licensed when they are
presented antigen via major histocompatibility complex (MHC) I expressed on
professional antigen presenting cells, like dendritic cells and macrophages [25]
[36]. Activated CD8 T cells then survey the peripheral tissues and will recognize
and kill cells that present that same antigen in a CD4 help-dependent manner. In
addition to their cytolytic activity, CD8 T cells also secrete inflammatory cyto-
kines that promote the activity phagocytic cells that migrate to the site of infec-
tion to phagocytose apoptotic bodies and cellular debris [25] [36].

Finally, a unique population CD4+ T cell exists, called regulatory T cells. Un-
der the control of the transcriptional regulator, Fox3P, regulatory T cells express
increased amounts of the IL-2 receptor (CD25) and decreased levels of the IL-7
receptor, CD127 [38] [39]. Regulatory T cells exhibit effectors functions that are
anti-inflammatory in nature mediated by the secretion of anti-inflammatory cy-
tokines like IL-4, IL-10, and TGF /S coupled with sequestration of IL-2 which is a
necessary cytokine for homeostatic maintenance of Th and CD8 T cells [38]
[39]. Dysfunction of regulatory T cells has been demonstrated to play a role in
several diseases associated with osteo-degradation and bone metabolism dysre-

gulation [40].

3.1. T Lymphocyte-Osteoblast Interactions

Osteoblast differentiation and activity is tightly regulated during bone remode-
ling. T cells produce cytokine mediators such as IL-17, IL-6, TGF-beta, and IFNy
which have been correlated with osteoblast maturation [4] [35] [41]. IL-17 is ex-
pressed by Th17 cells and can promote osteoblast differentiation and modify os-
teoblast activity (Figure 1) [30] [32] [42]. MSCs and pre-osteoblast cell lines
exposed to IL-17A or IL-17F produced significantly more alkaline phosphatase
[AP] activity [37]. In vitro, IL-17 induces osteoprogenitor cell proliferation and
promotes osteoblast differentiation in a BMP-dependent and independent man-
ner [32] [33] [35] [37].

Activated T cells can induce osteoblast IL-6 expression. Data has shown that
osteoblast IL-6 expression can be enhanced by the addition of exogenous IL-17
to T cell/osteoblast co-cultures [47]. Like IL-17, IL-6 expression is upregulated
during the early inflammatory response after bone injury [48] [49] [50]. IL-6 is
involved in the development and differentiation of IL-17-producing Th17 cells
which may indicate a positive feedback loop for osteoblastogenesis modulated by
the Th17 intermediate [33]. IL-6 also inhibits the differentiation and activity of
regulatory T-cells which may impede osteoblast differentiation and function via
TGFp and IL-10 signaling [33] [48]. In fact, IL-6 null mice have decreased bone
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Figure 1. Multiple classes of T cells influence and regulate the behavior and activity of
osteoblast in regarded to their differentiation and production of bone matrix depositing
factors. Activated helper T cells (Th) secrete Inflammatory (IFNy, IL-6) and immuno-
modulatory cytokines such as IL-17 that polarize mesenchymal stromal cells (MSCs) to-
wards the osteoblast lineage and promote osteoblastogenesis. These same factors promote
the expression of alkaline phosphatase (ALP), collagens I and II and increase mineraliza-
tion activity of mature osteoblasts. Consequently, immunomodulatory T cells (Th2) or
suppressive T cells (regulatory T cells) secrete factors such as TGFp and IL-10 that glo-
bally inhibit the activity and function of activated T cells. This T cell-mediated suppres-
sion of T cell function is balanced by the activity of IL-6 which inhibits the differentiation
of immuno-suppressive T cell subsets and promotes inflammatory conditions. In parallel,
TGFp and IL-10 can reduce bone matrix deposition by osteoblasts, while conversely,
TGFp alone may promote osteoblastogenesis in a localized manner [2] [32] [37] [40] [43]
[44] [45] [46].

mineral density, callus crystallinity, and bone volume at early and intermediate
points of bone remodeling post-fracture [49] [50]. This highlights the potential
role of T-cell secreted IL-6 in osteoblast function [14] [50] [51] [52].

TGEFp is another immunoregulatory cytokine produced by regulatory T cells.
It functions to promote resolution of inflammation by inhibiting the activity of
innate and adaptive immune cells [10]. TGFS also acts as an important factor in
the differentiation of Th17 cells as well as bone remodeling [10] [29] [30]. Inn vi-
vo knockdown of functional TGF S receptors in MSC lineage cells resulted in in-
creased trabecular stiffness and bone mineral density. Interestingly, these changes
in strength appear to be a result of decreases in osteocyte densities rather than
osteoblast-dependent responses [33] [51]. Furthermore, Joyce ef al observed a
localized increase in osteoblasts in the subperiosteal area of rat femurs following
continual injection of TGFp independent of bone or cartilage injury. However,

within the same study, exogenous TGFp decreased the expression of bone asso-
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ciated markers [collagen 1la and collagen 2] [52]. These opposing results may
suggest that modulation of osteoblast differentiation by TGF/ may be dependent
on secondary or tertiary signals produced by other cells (possibly T cells) during
the remodeling process. Further studies in this area are necessary to define the
full context of TGFp and its diametrically opposed impact on osteoblast diffe-
rentiation and function. More specifically, future studies could determine which
cell types and cytokines modulate TGFp expression and influence osteoblast re-
cruitment and function during normal bone remodeling.

Another T cell secreted cytokine known to stimulate osteoblast differentia-
tion and activity is IFN y [4] [37]. Activated CD4+ Thl, CD8+ cytotoxic T cells,
and innate natural killer lymphocytes are a significant source of IFNy [4] [53]
[54]. IFNy is an important early autocrine and paracrine factor that promotes
pro-inflammatory responses of innate and adaptive immune cells and is ex-
pressed/secreted early-on in the inflammatory response to infection or injury
[21]. Autocrine secreted IFN y by osteoblast committed MSCs has been observed
to promote early osteoclastogenic commitment while the addition of exogenous
IFN y further accelerated osteoblastogenesis [54]. Inhibition of IFNy signaling,
either through in vivo knock-out of the IFNy receptor or in vitro blockade of
IFN y via neutralizing antibodies, demonstrated the ability to impede prolifera-
tion of osteoprogenitors and attenuate osteoblastogenesis [37] [54]. Combined,
the literature demonstrates a connection between these T cell secreted mediators
and components of the bone remodeling process which warrants further inves-

tigation.

3.2. T Lymphocyte-Osteoclast Interactions

Osteoclast activity is tightly regulated by external stimuli derived from accessory
cell types during normal bone remodeling, injury or disease (Figure 2). Activa-
tion of the T cell receptor (TCR) promotes T cell RANKL expression. T cell ex-
pressed RANKL can be surface-bound or secreted [5] [6]. As previously dis-
cussed, IFNy is upregulated in activated T cells and may be co-expressed with
RANKL [55] [56]. IFNy is an important cytokine in the modulation of mono-
cyte/macrophage function. As osteoclasts are derived from monocytes, IFNy
produced from T cells may also regulate osteoclastogenesis. Specifically, IFNy
exposure decreases the response of osteoclasts to RANKL signaling by targeting
TRAF6, the key second messenger in the RANK signaling pathway [56]. Further-
more, the ability of activated, IFNy+ T cells to induce osteoclastogenesis in vitro
is enhanced in the presence of IFNy neutralizing antibodies in a dose-dependent
manner [55]. These experimental results suggest that RANKL induction of os-
teoclastogenesis by T cells is mitigated during inflammation-related expression
of IFN yby T cells.

Through expression of co-stimulatory ligands such as CD40L, T cells provide
important stimulatory and regulatory signals to B cells in primary and secondary
lymphoid tissue [57] [58]. Meendnu et al identified the presence of RANKL-
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Figure 2. A general graphical summary of adaptive lymphocyte (T cell and B cell) interactions and
cross-talk with osteoclasts and their progenitors (monocytes) in context of bone homeostasis. T cells
and/or B cells that have been activated by inflammatory stimuli secrete RANKL which is a potent in-
ducer of osteoclastogenesis. Additionally, Th17 Helper T cells secrete IL-17 that polarizes osteoproge-
nitors to differentiate into osteoblasts which also secrete receptor activator of nuclear factor Kappa-B
ligand (RANKL). Functional osteoclasts produce factors that degrade both the mineral and proteina-
ceous components of bone. In parallel, osteoclasts interact with T cells in an MHC II-dependent man-
ner leading to secretion of immunomodulatory cytokines that can alternatively drive or inhibit activa-
tion of T/B cells and either promote T cell and osteoblast-mediated secretion of RANKL or the expres-
sion of the RANKL decoy receptor, osteoprotegerin (OPG) from osteoblasts.

expressing B cells in the peripheral blood and synovial fluid of rheumatoid arth-
ritis patients. RANKL expression was induced when CD40 ligation and PMA
induced class-switching in memory B cells [CD27+IgD—] [9]. Similarly, Yoe et
al. observed RANKL mRNA expression in B cells isolated from synovial fluid of
RA patients with excess lymphocyte [CD4+ and CD8+ T cells] and myeloid
[monocytes and neutrophils] [59]. These RANKL producing B cells may be
modulated by macrophage and T cell expressed IFNy which has been correlated
with decreases in osteoprotegerin [OPG] expression [59]. OPG acts as a decoy
receptor for RANKL, sequestering RANKL from binding to and activating
RANK and RANK-associated signal transduction [60]. Concordantly, the
RANK/OPG ratio is an important modulator of bone remodeling. Evaluation of
RANK and OPG mRNA and immunoreactivity has temporally localized expres-
sion of each factor to the mineral resorption and deposition phases, respectively
in a model of bone remodeling. Evaluation of age or HIV-related osteoporotic
bone loss associates with dysregulation and shift of the RANKL/OPG axis to-
wards the predominance of RANKL leading to increase osteoclast differentiation
and resorption [60] [61] [62].
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Estrogen deficiency is an established driver of osteoporotic bone degradation.
The immune mechanisms that contribute to increased bone resorption because
of estrogen loss are poorly understood [7] [63]. T cell activation is elevated in
pre-menopausal women following ovariectomy resulting in increases in T cell-
derived RANKL potentially contributing to osteoporosis [64]. However, some
studies evaluating T cell responses in ovariectomized suggest no dysregulated
activation [65] [66]. Specifically, ovariectomized mice developed normal bone
homeostasis upon substitution with estradiol regardless of ERa expression on T
cells [45].

Osteoclasts may influence the behavior and states of T cells in cell-cell contact
dependent manner by modulating MHC expression. Osteoclasts express some of
the same inflammatory mediators that are produced by professional antigen
presenting cells [APCs] including key HLA genes [HLA-ABC, HLA-DR/DQ],
costimulatory ligands [CD80, CD86], and co-stimulatory receptors including
CD40 [67] [68]. Additionally, osteoclasts may produce an array of immunomo-
dulatory cytokines such IL-10, IL-6 TNFa, TGFf which modulates T cell res-
ponses in 2° lymphoid and peripheral tissues [67] [68]. For example, induction
of a suppressive FoxP3+ CD8 T cells by self-antigen presenting osteoclasts re-
sulting in osteoclast suppression is an example of this feedback loop [67]. While
osteoclasts may not necessarily serve as primary antigen presenting cells in con-
text of immune protection; the ability to interact with T cells via endogenous
factors and induce specific behaviors in T cells may play a role in regulating os-

teoclast activity important to bone homeostasis.

3.3. T Lymphocyte-Chondrocyte Interactions

Chondrocytes are derived from MSCs and represent the primary extra cellular
matrix [ECM] producing cells associated with bone and cartilage matrix. Mature
chondrocytes maintain these tissues by producing new collagen and proteogly-
cans in response to environmental cues. Within standard physiological condi-
tions, chondrocytes are shielded and protected from T and B cells as the ECM is
generally devoid of immune cells. In context of this immune privilege, chon-
drocytes have been defined as potent immunomodulators with the ability to
substantially influence the behavior and responses of T cells and macrophages
(Figure 3). Research has shown that human articular chondrocytes [hACs] can
inhibit activation-induced proliferation of allogeneic T cells in a contact-de-
pendent manner [24] [69]. One potential mechanism suggests that chondrocytes
downregulate IL-2 receptor expression on T cells which decreases T cell activa-
tion [70].

Another chondrocyte mediated mechanism involves modulation of prostag-
landin E2 [PGE2] secretion to attenuate the differentiation of monocytes into
mature antigen presenting macrophages and dendritic cells [24]. The loss of
these cell types ultimately suppresses the activity of effector T cells which disrupt
immune cell regulation of bone homeostasis [46] [71] [72] [73] [74]. Other research
has shown that in vitro cultured-derived chondrocytes can be immunomodulatory
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Figure 3. Modulation and suppression of immune cell activity by chondrocytes may protect the immune-privi-
leged state of cartilage and serve as switch to suppress the acute inflammatory response associated with fracture
injury and healing. Inflammatory stimuli caused by local injury induces the expression and activity of cycloox-
ygenase 2 (COX2) in chondrocytes, a key intermediate in the arachidonic acid cascade which promotes the
production of prostaglandin E2 (PGE2). PGE2 is a potent immunomodulatory factor that suppresses the func-
tion of inflammatory T cells and promotes the differentiation of immunomodulatory T cells subsets and alter-
native polarized (M2) macrophages. Chondrocytes are most active during the intermediate phase of fracture
healing responses during which they actively produce extra-cellular matrix proteins to stabilize the fracture he-
matoma as a soft callus. This coincides with the latter phases of the acute inflammatory response during which
inflammatory T cells, B cells, and innate immune cells emigrate from the hematoma/callus resulting the devel-
opment of a more anti-inflammatory, immunomodulatory, and angiogenic environment.

and inhibit antigen and non-antigen specific T cell proliferation and production
of pro-cytolytic factors such as granzyme B [69] [75]. Despite these observations,
the exact mechanisms by which chondrocytes exert immunomodulatory effects
is not understood as these cells lack the machinery to regulate T cell functions
such as MHC II and inhibitor cell surface ligands [69] [75].

Conversely, data from Nakamura et al suggest a pro-inflammatory role for
chondrocytes and their interactions with T cells in osteoarthritis [OA]. In this
study, co-cultures of autologous chondrocytes and T cells from OA patients and
health donors demonstrate an overall increase in T cell-expressed inflammatory
mediators MMP-1, 3, 13 and the chemokine, RANTES [CCL5] [76]. These in-
flammatory mediators promote broad chemotactic effects important to both in-
nate and adaptive immune cells [20] [76]. More specifically, upregulation of
RANTES expression was found in OA derived chondrocytes and T cells that

were associated with dysregulated bone remodeling [76].
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4. Bone-Related Immune to Immune Cell Interactions

Bone matrix is a critically important site for the development and homeostasis of
the immune system. Hematopoietic progenitors arise in the bone marrow and
initially differentiate into erythroid, myeloid, and lymphoid progenitors which
then go on to differentiate in red blood cells/platelets, macrophages/dendritic
cell/granulocytes, and NK/B/T cells respectively. In their mature/differentiated
states, these immune cells constantly migrate to and from the bone marrow and
matrix. Some immune cells, such as osteo-macrophages, permanently reside
within the bone matrix in proximity to bone metabolizing cells and directly in-
fluence their behavior [77] [78]. Dendritic cells are a specific sub-lineage of
myeloid cell specialized in antigen presentation and licensing of adaptive lym-
phocytes. As myeloid-derived cells, dendritic cells share a common progenitor
with osteoclasts. In specific scenarios, dendritic cells may trans-differentiate into
bone resorbing osteoclasts; however, it is not yet established whether this process
is homeostatic or associated with disease etiology [79]. As with osteoclasts, the
RANK/RANKL axis contributes to regulation of dendritic cell activity. Specifi-
cally, via the interaction with T cell secreted TNF-related activation induced cy-
tokine [TRANCE], RANK may induce an immunomodulatory or immunosup-
pressive phenotype marked by the production of immunomodulatory cytokines
such as IL-10 and TGFg [68] [80]. This immunomodulatory phenotype and
function may be a component of a RANKL feedback loop that induces are more
pro-osteogenic environment as both IL-10 and TGFp promote differentiation of
osteoblasts and inhibit chemotaxis, activation, and differentiation of monocytes
[22] [43].

5. Conclusions

This review explores the basic principles and current understanding regarding
the roles of T lymphocytes in regulating elements of bone remodeling. Specifi-
cally, the interactions of T lymphocytes were discussed in context the differen-
tiation and function of osteoblasts, osteoclasts, and chondrocytes and their roles
in bone remodeling. There is a growing body of evidence highlighting the role of
immune cells in regulating bone remodeling independent of acute, injury-related
inflammatory responses. T cells are present in all tissues and constantly surveil
their local environment, including bone matrix, for foreign antigen and evidence
of cellular transformation. Cell-to-cell contact and paracrine signaling is asso-
ciated with this surveillance mechanism and serves as a potential route by which
T cells interact with and modulate activity of bone-related cells.

Despite the expanding knowledge in the field of osteoimmunology, the core
mechanisms by which immune cells regulate bone remodeling needs to be fur-
ther studied. Critically, knowledge remains sparse in key areas that connect in-
flammatory pathways to regulation of bone metabolism. Expanding under-
standing by exploration to identify key immune cell networks and associated

molecular pathways impacting the homeostatic process will help to develop bet-
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ter therapeutics and treatment for the unmet medical need associated with done
metabolism-related diseases. To fully leverage this potential, continued devel-
opment and optimization of basic and disease-related experimental models is
critical. This includes higher throughput 7n vitro and ex vivo models which may
be able to replicate some of the physiological conditions of bone matrix forma-
tion, and the balance of its deposition and resorption as well as translational
models of in vivo homeostasis and disease to bridge between mechanism and

therapeutic intent/potential.
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