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Summary

The osteoclast has been considered classically as a cell with the exclusive function of bone remodelling,
with a gregarious behaviour.

However, advances which have been made in recent years have changed this concept drastically, and we
now know that this multinuclear cell is subject to complex biological regulation, necessary for it to exert
a multifunctional role of unknown dimensions.

In addition to its participation as the only cell capable of reabsorbing the calcified bone matrix, the osteoclast
is one of the cellular elements effective in the immune system, a function still little-known but expected,
given its belonging to the monocyte-macrophage lineage. Its role in other processes, both local, such as
as a collaborative element in osteoformation and hematopoietic stem cell niche maintenance, and syste-
mic, is also beginning to be understood.

In this review the most significant findings contributing to our understanding of the biology of the osteoclast
are analysed, with an eminently practical content and an approach aimed at understanding the possible
molecular targets which will allow a better therapeutic treatment of such important diseases as osteopo-
rosis, arthritis or cancer.
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Introduction
Osteoclasts (OCs), as the only cells capable of
extracting the calcified bone matrix, are the protago-
nists in the delicate task of dissolving the crystals of
calcium phosphate and digesting the collagen, by
means of highly specialised structures'. Their patho-
genic role in the induction of excessive bone
resorption observed in pathological processes such
as osteoporosis?, arthritis®, or cancer’, is fundamen-
tal. The notable advances which have occurred
since the start of this new century have allowed us
to understand the intimate mechanisms which regu-
late the formation, activity and survival of OC, ope-
ning new possibilities for the design of drugs with
more specific actions than those that already exist.
In recent years, the scientific effort dedicated to
understanding the complex resorptive mechanisms
has grown exponentially, with great advances
being made through three main lines of research:
1 the study of a series of genetic diseases, relating
the phenotypes observed to the dysfunction detec-
ted; 2) experimental studies based on the creation
of animal models in which a determined gene is
annulled or overexpressed; and 3) by obtaining
precursors and mature cells in culture and analy-
sing their responses to various stimuli. Taking into
account the fundamental importance of OCs in the
pathogeny of such significant diseases as arthritis,
osteoporosis and cancer, along with the enormous
quantity of information which has emerged in the
last five years, we consider it necessary to carry out
a review to update our knowledge in this impor-
tant area of research.

General characteristics of osteoclasts
OCs are located on the internal surfaces of the
Haversian canals of the cortical bone, in the trabe-
culae large than 200 microns and in the external
walls of the bone, beneath the periosteum.
Although potential precursors may be found in the
peripheral blood, spleen and bone marrow, the
mature cells are very rarely found away from the
bone surfaces, except in pathological situations,
such as in giant cell tumours. In the absence of the
specific situation of high levels of remodelling,
such as occurs at the metaphysis of the long bones
during growth or in diseases such as primary
hyperparathyroidism, OCs are scarce in the skele-
ton since they only comprise 1-2% of bone cells.
They have a half-life of two weeks, and in normal
conditions, after this period, undergo apoptosis’.
In spite of their rarity in samples of non-decalcified
tissue, their morphology is characteristic when acti-
vated, which enables them to be easily recognised
as strongly polarised multinucleated structures,
with a basal region for the interchange of external
signals and a zone joined to the calcified matrix by
a structure called the brush border. The OCs
move, by means of podosomes, over the calcified
surfaces, on which a single cell can form consecu-
tively a number of Howship’s lacunae. They have
a number of immunohistochemical characteristics
which facilitate their identification, among which
are the expression of tartrate-resistant acid phos-

phatase (TRAP). Although TRAP mRNA has been
identified in other tissues, such as the kidney,
intestine and lung, as well as in activated macro-
phages, this enzyme continues to be an essential
osteoclast marker whose expression appears very
early, immediately before the mononuclear OC
initiates the fusion mechanisms, increasing pro-
gressively through the different post-fusion stages
until maturity is reached.

The OCs belong to the monocyte-dendritic-
macrophage lineage, although, differently from
other members of its progeny, it has the capacity to
bond to bone by means of the avf3 integrins,
which are expressed in the surface of the podoso-
mes and which have the property of interacting with
the proteins of the matrix, such as osteopontin and
vitronectin. Following the primary activation signal,
the multinuclear OC is polarised and is stuck to the
bone surface by means of specialised structure
known as the brush border, at the ends of which are
found the integrins which become bonded to the
matrix producing a hermetic seal with the lacuna, an
essential step for the interchange of ions and prote-
ases necessary for proper bone resorption.

The basolateral zone of the membrane does
not undergo significant morphological changes,
but will play a role, which is poorly-understood,
in cell communication and in the transport of ions.
In the osteoblast cytoplasm there is a high level of
carbonic anhydrase II activity which causes a disso-
ciation of the cytosolic carbonic acid into protons
(H*) and bicarbonate (HCO3"), the latter interchan-
ged with chloride (CI) by means of a specific chan-
nel, which allows the conservation of the intra-cellu-
lar isoelectric state. The proton is directed to the
brush border, where a proton pump dependent on
a specific ATPase (H*-ATPase) transports it to the
lacuna. In the vicinity of this pump is situated an ion
channel (chloride 7 channel, CIC7) which is a sim-
ple ion interchanger which uses voltage gradient to
obtain the energy necessary to transport them
through the membrane. Specifically, this channel
interchanges 2 CI- for 1H*, and its function is highly
important in the processes of lysosome acidification
in general® and in bone resorption in particular.

The loss of function of the CIC7 is one of the
most common causes of osteopetrosis’ and is, toge-
ther with the proton pump, an interesting therapeu-
tic target®, but limited, at the moment, due to the
consequences of its extra-skeletal actions, above
all, the risk of production of lysosomal diseases’. In
the lacunae, through the union of these two ions,
hydrochloric acid is formed, which acidifies the
environment causing the hydroxyapatite to dissol-
ve, liberating calcium and phosphate, while at the
same time maintaining the cytoplasmic ionic char-
ge in equilibrium. Lastly, through the lysosomes, a
cysteine protease, cathepsin K, and a series of
metalloproteases are secreted which, finally, cause
the dissolution of the organic matrix. The resulting
degradation products enter the OC by endocytosis
and are transported to the basolateral region in
vesicles rich in TRAP and released to the exterior by
€XOCYtOsis.



Formation and activation of osteoclasts
The osteoblasts (OB) of mesenchymal origin resi-
de, essentially, in the bone tissue and the adjacent
bone marrow. However, the OCs and their precur-
sors are a highly dynamic population, and the
mechanisms which control their migration and
arrival at the bone surfaces have recently emerged
as essential elements of the homeostasis of the
skeleton. OCs derive from hematopoietic stem
cells, which will lead, through myeloid progeni-
tors, to circulating monocytes and tissue macro-
phages®. The target organ will define the final
characteristics of these cell populations, emitting
different signals which will determine their diffe-
rent morphological and functional qualities:
Kupffer cells in the liver, alveolar macrophages in
the lungs, microglia in the central nervous system,
histiocytes in the connective tissue, dendritic cells
and macrophages in the lymphoid organs, and
OCs in the bone. In spite of the fact that many of
the properties of these differentiated myeloid
cells, essentially their structure and function in the
tissues, are known, there is still very little known
of the intimate mechanisms which govern their
differentiation and dynamics.

Migration of the precursors

Mononuclear lineage cells with the capability of
differentiating into osteoclasts have been found in
the bone marrow and in the bloodstream' ™
Although it is not known if there is a mononuclear
precursor population specific to OCs, it is known
that certain sub-classes of circulating monocytes
and dendritic cells, as well as progenitor cells of
monocyte-macrophage lineage resident in the
bone marrow, have the capability of being trans-
formed into OCs if they are subject to certain spe-
cific signals®. Using innovative fluorescence tech-
niques which allow the visualisation of the beha-
viour of cells in vivo, Kotani et al. have recently
shown that the mature OCs situated in the resorp-
tion surfaces come from the circulating monocytes
which migrate to these regions of the bone where
they undergo fusion, polarisation and develop-
ment of the elements of the cytoskeleton which
characterise active OCs'.

The signals which attract the circulating precur-
sor population towards the bone surfaces are star-
ting to become understood, constituting an inte-
resting group of molecules of potential therapeu-
tic interest. These cells, which should express
RANK in their membranes, become attracted to
the bone marrow or the quiescent surfaces where,
after receiving the RANKL signal, they are transfor-
med into mature, polarised OCs with the charac-
teristic cytoskeleton. This main signal comes from
the mesenchymal cells of the bone marrow, from
lining cells or from the osteocytes situated in the
depths of the calcified matrix.

The RANKL signal is essential for the final acti-
vation of the OCs, although it is probably only
executed in the target organ, there being signals
which we could consider to be “anterior” which
provoke the migration of the precursors from the
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circulation system. To date, various recruitment
signals have been identified, notable among
which is chemokine CXCL12, strongly expressed
in stromal cells located in the perivascular regions
of the bone marrow. The osteoclast precursors
express the receptor of chemokine CXCR4, whose
union with CXCL12 promotes the recruitment and
survival of the OCs". The CXCL12/CXCR4 axis has
become a target of great interest in oncology'®!”
due to its key role in the migratory behaviour of
tumour cells, although, taking into account the
above, it is highly probable that it also participates
in functions such as accelerated bone remodelling
which occurs in postmenopausal osteoporosis, or
in the different forms of bone destruction which
characterise rheumatoid arthritis.

Another chemokine axis of interest is that fea-
turing CXCL1 (fractalkine), expressed in osteo-
blasts, and its receptor, CX3CR1, expressed in OCs
whose action could also be important in the
recruitment of precursors'™. Nevertheless, the
design of small molecules with activity inhibitory
to chemokines" is encountering a number of diffi-
culties due to the toxicity caused by their poor
specificity.

Another group of molecules with recruiting
action are the bioactive sphingolipids. Known for
their structural role in cell membranes, they have
acquired additional importance due to their being
precursors of molecules with a strong chemotactic
capacity, such as sphingosine-1-phosphate (S1P)
and ceramide-1-phosphate (C1P)**. The latter,
with significant roles in the function and dynamics
of other myeloid populations*, does not appear to
intervene in the migration of the OCs, with, to
date, no receptors associated with these cells
having been identified.

S1P is the product of the phosphorylation of
sphingosine by two kinases, sphingosine-kinase 1
and 2, a reaction which is activated in response to
a number of mediators which include various
cytokines and hormones. After its synthesis it may
be activated in the intracellular environment but
also be released into the bloodstream, where it
interacts with at least five G protein-coupled
receptors, of whichS1PR1 and S1PR2 have been
identified in osteoclast precursors®*. After the
bonding of S1P to its receptor, this is rapidly inter-
nalised in a way very similar to that which hap-
pens with the bonding of the ligand to CXCR4,
and, at the present time, this is considered to be a
highly significant factor in the dynamics of hema-
topoietic progenitor cells and in the traffic of
immune cells between the lymphoid organs and
the peripheral tissues. Its role in bone diseases is
beginning to be understood, it having been obser-
ved that low concentrations of S1P are chemotac-
tic for the osteoclast precursors, while high con-
centrations have the opposite effect. SIPR2-nul
mice develop osteopetrosis, while in ovariectomi-
sed rats, the SIPR2 antagonist, JTE013, slows oste-
oporosis, reducing the number of OCs*.
Contrarily, the ablation of osteoclast SIPR1 causes
0OSteoporosis®.
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These facts suggest the existence of a fine con-
trol of osteoclast migration dependent on the gra-
dient of S1P*, which may be summarised as follows:
in the bloodstream there is a high concentration of
S1P, while in the bone tissue it is lower. The skele-
tal OCs, after the activation of the SIPR1, migrate
towards the circulation system, while the activation
of S1PR2 exerts an opposite effect, inducing migra-
tion in the opposite direction, with OCs accumula-
ting in the bone. We are, therefore, looking at a
molecular system of therapeutic interest””, since
the stimulus of S1PR1 or the blocking of SIPR2 cau-
ses an antiresorptive effect notable in murine
models in, respectively, provoking the departure or
slowing the arrival of OCs to the resorption sites.

Regulation of osteoclast differentiation

Osteoclast differentiation is a strongly regulated pro-
cess whose study has been limited due to the neces-
sity of using mixed cultures of osteoblasts and OCs
to obtain mature cells®. Since the discovery of
RANKL, the advance in the knowledge of these
mechanisms has been enormous by making possi-
ble the culture of isolated osteoclast precursors in
the presence of RANKL without the need for the
interaction of other cells®. It is widely known that
the mature OCs are the only cells in an organism
capable of reabsorbing bone®. Nevertheless, to
achieve the development of their complete resorpti-
ve mechanism the osteoclasts have to undergo a
profound transformation after their arrival in the
proximity of the mineralised surfaces, which starts
with the initial intervention of M-CSF and the
expression in its membrane of RANK (Figure 1). At
present, the mechanism by which a sub-group of
multipotential mononuclear precursors begin to
express RANK in their membranes, and as a conse-
quence, follow the path to differentiation as osteo-
clasts after being exposed to RANKL, is not known.

a) M-CSF signal

After the initial expression of PU-1, a transcription
factor required for the generation of the progenitors
of the lymphoid and granulocyte-macrophage
series, which acts in the very early phases of mye-
loid differentiation, the expression of c-Fms occurs,
the receptor of M-CSF which will characterise the
population of the primitive osteoclast precursors'*.
After its union with the ligand, the c¢-Fms, as with
other members of the super-family of tyrosine-
kinase receptors to which it belongs, is phos-
phorylated and activated to ERK (extracellular sig-
nal-regulated kinase) through GRB-2 (growth fac-
tor receptor bound protein 2) and to AKT through
PI3K (phosphoinositide 3-kinase), provoking cell
proliferation signals. In addition, through the acti-
vation of MITF (microphthalmia-associated trans-
cription factor) the expression of Bcl-2 (anti-apop-
totic B-cell leukaemia/lymphoma-associated gene
2) an essential factor for survival, is induced®?.
Lastly, the expression of RANK occurs in the mem-
brane of the precursors, which will enable the
action of RANKL on these cells and their final diffe-
rentiation into mature OCs.

b) RANKL signal

RANK lacks intrinsic enzyme activity in its interce-
llular domain and needs to transduce the signal
from the ligand through the recruitment of adap-
tor molecules, among them TRAF-6, GAB-2 (Grb-
2-associated binder-2) and phospholipase C. The
last two of these are not indispensable in the
initial phase but are necessary in a subsequent
amplification phase®. However, TRAF-6 is essen-
tial to activate the distal signal, in which NFkB,
AP-1 and various MAPKs (mitogen-activated kina-
ses), above all JNK (Jun N-terminal kinase), p38
and ERK, are involved.

The activation of NF-kB is one of the earliest
and most crucial molecular events which occur
after the union of the ligand to RANK. NF-kB
belongs to a family of dimeric transcription factors
which, in the non-activated cell, stays captive in the
cytoplasm due to being bonded with inhibitory
proteins called TIkB (inhibitors of kB kinase). The
RANKL/RANK/TRAFG6 signal provokes the proteoly-
sis of these inhibitors, which allows the translation
to the nucleus of free NFkB, where it bonds with
DNA response elements, inducing the transcription
of the target genes®. This intracellular signalling
pathway participates in the regulation of various
genes involved in immune and inflammatory res-
ponses, which produce cytokines such as IL-1, 1L-2,
IL-6, IL-7 and TNF, chemokines, interferons and
anti-apoptotic proteins, such as BIRC2, BIRC3 and
BCL2L1. In humans, the deregulation of NF-kB is
associated with various diseases such as diabetes
mellitus, Alzheimer’s, autoimmune diseases, osteo-
porosis and arthrosis, and is a potential therapeutic
target, partly limited by its non-specificity.

RANK also induces the activation of NFATcl
(nuclear factor of activated T-cells, cytoplasmic 1),
currently considered to be the master regulator for
osteoclast activation®™. NFATc1 belongs to the family
of NFAT transcription factors, identified initially in
nuclear extracts of activated T-lymphocytes®. In sub-
sequent studies it was shown that its role in osteo-
clast activation was significant when it was observed
that the monocyte-macrophage precursor cells in
bone marrow stimulated by RANKL had a selective
and marked overexpression of NFATc1*. The activa-
tion of this factor is dependent on NFkB and c-Fms,
probably in this order®.

¢) Co-stimulation and amplification of the RANKL
signal

Coordinated with the RANKL signal other trans-
duction pathways for inductor signals for NFATc1
have been observed in the OC (Figure 2), whose
role could be decisive in pathological states®. At
least two Ig-like receptors are known: OSCARY
(osteoclast-associated receptor) and TREM-2%
(triggering receptor expressed in myeloid cells).
Both are associated with adaptor proteins which
contain ITAM (immunoreceptor tyrosine-based
activation motifs) motifs such as DAP-12 (DNAX-
activation protein 12) or FcRy (Fc receptor com-
mon ysubunit). Although the ligand for these
receptors is not known with any certainty
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Figure 1. Maturation stages of the osteoclast. In the upper section are shown the principle cytokines involved,
and in the lower section, the transcription factors and transmembrane proteins. The PU-1 and MITF expression
is the initial event which characterises the population of myeloid precursors which will go on to differentiate
into osteoclasts. These two transcription factors provoke the expression of the M-CSF receptor which, after its
bonding with the ligand, induces the expression of RANK. This fact is definitive for the formation of the mature
osteoclasts, after the cytoplasmic, but not nuclear, fusion, governed by DC-STAMP
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(recently OSCAR has been associated with specific
motifs expressed in fibrillar collagen)”, when acti-
vated, the phosphorylation of the ITAMs by tyrosi-
ne-kinase occurs and, in collaboration with other
molecules such as BLNK (B cell linker protein)
and SLP76 (Src homology 2 domain-containing
leukocyte protein of 76 kD), the activation of
PLCy2 is then provoked, contributing to the ampli-
fication of the RANK signal. It is not known whe-
ther these pathways are significant in physiologi-
cal states, although in pathological situations such
as osteoporosis, arthritis or cancer, it is highly pro-
bably that their over-activation contributes to the
state of marked osteoclast stimulation which they
exhibit2,

NFATcl1 is a regulator central to osteoclast activa-
tion, both in the sense of being a stimulator of the
RANK signal and in the opposite sense, as a target
for different molecules which inhibit its expression.
In the positive sense, the expression of NFATc1 indu-
ced by RANK/NFkB/c-Fos is dependent on the sig-
nalling pathway p38. Other signals, coming from Ig-
like receptors associated with adaptor factors such as
FcRy y DAP12, act in a coordinated way with the
above signals through the transitory increase in intra-
cellular levels of calcium, due to mechanisms not yet
clarified which could also involve PLCy2, which then
activates calcineurin. This enzyme dephosphorylates

the cytosolic NFATc1, which allows its translocation
to the nucleus, where, in concert with PU.1 and
MITFE, it goes on to activate the promoter regions of
various genes which code for molecules essential for
osteoclast function such as cathepsin K, OSCAR, DC-
STAMP, TRAP and V-ATPase-d2. In addition, there is
an increase in its own synthesis through a process of
auto-amplification described in 2005 by Asagiri et
al.®. However, these secondary activation pathways
of NFATc1 are dependent on the main pathway and,
in the absence of RANKL, and no stimulus occurs in
isolation from these receptors, leading to an absen-
ce of osteoclast activation®.

To avoid unchecked osteoclast formation
which would result from the NFATcl pathway,
there is a series of negative regulators which act
on this factor, generally indirectly through the pro-
ximal signal®. Within the group of cytokines, 1L-4
and IL-13, products of the Th2 cells, perform
pleiotropic functions, among which is a powerful
anti-osteoclast action which is executed in way
which is dependent on STAT-6 (signal transducer
and activator of transcription 6) with the final
result being the expression of NFATc1. Other cyto-
kines such as IL-10, IL-27 or IFN-y inhibit the for-
mation of OCs from their precursors or their acti-
vation, through mechanisms dependent on the
RANK/NFkB/NFATc1 signal®.
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The activation of various TLRs (toll like recep-
tors) reduces the rate of formation of mature OCs
induced by RANKL through IFN-B-dependent
mechanisms, although independent mechanisms
have also been observed. On the other hand, the
activation of TLRs is one of the most powerful
inductors of inflammatory cytokines, such as TNF
and IL-1, which act synergistically with RANKL in
the production of inflammatory osteolysis in disea-
ses such as rheumatoid arthritis or periodontal
disease™.

In brief, we may intuit that the TLRs, as key
elements in the innate immune system, have an
antagonistic role strongly dependent on context.
On the one hand, by initiating the inflammatory
response, the transformation of precursors into
OCs would reduce, which would increase the
pool of cells available for transformation into
macrophages. However, in a more advanced
stage, if their activation persisted in a sustained
way, they would act as inductors for osteoclasto-
genesis, indirectly by means of inflammatory cyto-
kines. The confirmation of this attractive hypothe-
sis would constitute one more element to support
the idea of the OCs’ significant participation in the
immune response.

There are other factors which inhibit the for-
mation or activation of the OCs in addition to
those already cited: cytokines such as TRAIL”
(TNF-related apoptosis inducing ligand), IL-12 and
IL-18%, different intracellular signalling molecules
such as SHIP1” (Src homology 2-containing inosi-
tol-5>-phosphatase 1), NF-xB pl00® and some
components of the Notch pathway®', various trans-
criptional repressors such as MafB (v-maf muscu-
loaponeurotic fibrosarcoma oncogene family pro-
tein B)®, C/EBPP (CCAATenhancer-binding pro-
tein $)*, IRF-8 (Interferon regulatory factor)*', and
BcL6 (B cell lymphoma)®. All these molecules are
potential targets of therapeutic interest, but their
detailed analysis is beyond the scope of this
review.

d) Osteoclast activation pathways independent of
RANKL

The RANKL signal is the most important osteoclast
activation pathway and its annulment in murine
models results in the complete disappearance of
the OCs, which means that the role of pathways
independent of activation appear, in theory, to be
unimportant. However, in 2005 Kim et al. demons-
trated that the presence of cofactors such as TGF-
B, the hematopoietic precursors in mice null for
RANKL, RANK and TRAF-6 would succeed in
being differentiated into OCs®. Tt is evident that
the interest in this topic is enormous, since there
could be, at least in pathological circumstances,
non-canonical osteoclast activation pathways
which could be modulated to achieve different
therapeutic responses to the complete annulment
of OCs.

Within the TNF superfamily, given the structural
homology between its members, various ligands
and receptors have been investigated. One of the

most interesting is LIGHT (also known as TNFSF14
and CD258). This type II transmembrane protein is
expressed primarily in activated T-cells, NK cells,
dendritic cells and macrophages, performing key
biological functions in the innate and adaptive
immune responses through the homeostasis, diffe-
rentiation and activation of the T-lymphocytes”. It
joins three receptors which share a structural simila-
rity in their cytoplasmic stem: TNFRSF14/HVEM
(herpes virus entry mediator), LT-fR (lymphotoxin §
receptor) and DcR3 (decoy receptor 3)®. Although
the role of LIGHT in bone resorption is not
known, it has been observed that it causes a
powerful osteoclastogenetic action independent of
RANK and OPG, through AKT, NFkB and JNK in
human and murine monocytes, using TRAF-2 and
TRAF-5. Its function in bone diseases has not been
clarified, but it is, without a doubt, an interesting
target of potential therapeutic interest®”.

Two other members of the TNF superfamily
have shown an osteoclastogenetic capability inde-
pendent of RANKL. APRIL (a proliferation indu-
cing ligand, TNFSF13) and BAFF (cell activating
factor belonging to the TNF, also known as BLyS
and TNFSF 13b), are capable, in in vitro culture,
of inducing cells with the osteoclast phenotype
from mononuclear precursors, although of a sma-
ller size and with a lower number of nuclei and
resorptive capacity than those induced by RANKL
or LIGHT™.

e) Origin of RANKL in osteoclast activation
Although the origin of RANKL which is involved in

bone remodelling is classically thought to be the
OBs, there have been a number of experimental
findings which have cast doubt on this idea. In a
pioneering study, Corral et al.”? showed that the
ablation of osteoblast progenitors by the adminis-
tration of ganciclovir in mice bearing a thymidine-
kinase transgene under the control of the osteocal-
cin promoter, did not cause any effects on the
osteoclastic surfaces or on the markers for resorp-
tion, even after several weeks of follow up, in
those in which the population of osteoblasts had
disappeared from the bone surfaces. More
recently, and using a similar transgenic murine
model, Galli et al. observed that the absence of
osteoblasts did not affect the levels at the baseli-
ne, or after being stimulated by PTH, of RANKL
mRNA™. These studies indicate that the classic
paradigm, which is that the RANKL which governs
osteoclast activation comes from OBs or their pre-
cursors, should be revised™.

OCs are formed in different locations in the
skeleton with different purposes and with a
variety of support cells charged with synthesising
the RANKL necessary for their activation. For
example, the femurs of mice which lack osteocy-
tic RANKL develop a normal morphology, which
indicates that the cortical modelling of the long
bones is controlled by cells other than the oste-
ocytes; whereas during chondral ossification, the
main source of RANKL, which enables the reab-
sorptive action of the osteoclasts on the calcified
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Figure 2. Canonic osteoclast activation and co-stimulatory signals. In addition to the canonic signals for proli-
feration and activation the osteoclast may receive other types of signals whose role could be highly important

in inflammatory states
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cartilage, are the hypertrophic chondrocytes™. The
OC is also the effector cell for the erosion which
characterises rheumatoid arthritis’”, and its activa-
tion is supported by the collaboration of the syno-
vial cells of fibroblast lineage of the lymphocyte
subclass Th177. These facts suggest that the role
of RANKL derived from the osteocytes could be
limited to bone remodelling.

The osteocyte is a cell which provides a large
amount of RANKL during physiological remode-
lling™. This fact is even more plausible from the
biological point of view due to the known role of
these cells in the detection of both mechanical and
hormonal signals, which enables them to act at
true regulators of bone remodelling, at least in
physiological conditions. Using Cre-LoxP techno-
logy, which allows the modification of DNA in
specific types of cells, Xiong et al.” caused the
deletion of the osteocyte RANKL gene in mice and
observed a reduction in OCs, with an increase in
bone mass and of the markers for resorption,
without alterations in the development of the ske-
leton or in dental eruption. In the laboratory of
Takayanagi” the same results were obtained using
similar technology. In summary, these studies
demonstrate that osteocytes are the main producer
cells for RANKL in physiological bone remode-
lling.

The RANKL which comes from the osteocyte is,
therefore, the cytokine which controls physiological
bone remodelling in response to mechanical and
hormonal signals. The mechanism by which RANKL
accesses OCs has not yet been sufficiently clarified.
There is experimental evidence that the presence of
soluble RANKL in the medium is sufficient to produ-
ce osteoclast expansion® and that the osteocytic
projections express RANKL from the membrane and
reach the bone surface where they make contact
with the OCs and their precursors®*®. Finally, there
is evidence that, both through the production of
soluble RANKL and through that expressed in the
membrane by the dendrites, the osteocytes control
osteoclast activation. It has a dual role, since it also
possesses the capability of producing sclerostin
through the activation of its gene, SOST, and so con-
tribute to the regulation of osteoformation®.

Osteoclastic fusion

The osteoclast precursors are mononuclear cells
which express TRAP, with no resorptive capability in
in vitro cultures. The first step by which they acquire
their functionality is through cell fusion, which then
enables the formation of mature OCs. Understanding
the intimate mechanisms which control this critical
event in the physiopathology of remodelling is fun-
damental to the development of the new therapies.
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In physiological conditions, the pre-OC TRAP
cells + and the mature OCs are only found on the
bone surfaces, which indicates that the fusion
occurs in these locations. Using techniques of
DNA subtraction in precursor cells stimulated by
isolated M-CSF or M-CSF and RANKL, it was obser-
ved that DC-STAMP (dendritic cell-specific trans-
membrane protein) is an essential molecule for
the fusion of mononuclear cells as a first step for
the formation of active mature OCs. This trans-
membrane protein, discovered in 2000%, is also
expressed in dendritic cells and macrophages™. Its
annulment in murine models provoked osteopo-
rosis associated with a complete absence of fused
mononuclear OCs as well as foreign-body giant
cells. In these mice there persisted a moderate
degree of resorptive activity in the mature cells,
which indicates that their fundamental role is per-
formed at fusion®. The regulation of DC-STAMP is
complex and depends not only on the
RANKL/RANK pathway but also on other indepen-
dent factors, such as IL-32%, Tall (T-cell acute
lymphocytic leukemia 1), LDLR (low-density
lipoprotein receptor)®, CCN2/CTGF (CCN family
2/connective tissue growth factor)® and vitamin
E*, among others, whose role is even less well
known but which could be future targets of thera-
peutic interest.

OC fusion is promoted by other molecules
such as the inflammatory cytokines. Among these,
in addition to the actions already mentioned of
RANKL, both TNF-a and LPS (lipopolysaccharide)
are capable of inducing OC fusion under certain
circumstances. For example, the action of TNF-a
is specifically blocked by Ac anti-TNF-a, while the
effect of LPS is partly blocked by these drugs, and
completely blocked by polymyxin B*. The activa-
tion of these pathways is accompanied by intrace-
llular signals dependent on kinases, and when
inhibitors are used specific to these pathways OC
fusion is reduced, while levels of DC-STAMP are
not altered. These findings indicate that there are
alternative pathways which regulate OC fusion
independently of DC-STAMP, although it is not
known if they exert physiological functions or
only interfere with pathological processes®.

Additional roles for osteoclasts

In addition to their function as the only cells capa-
ble of reabsorbing calcified bone matrix, OCs par-
ticipate in other processes which we summarise
below.

1. Stimulation of bone formation

Bone remodelling is a coupled process in which
the osteoclast activity is followed by the action of
the osteoblasts. The pharmacological inhibition of
the former provokes a reduction in the latter, while
the osteoforming stimulus is followed by a secon-
dary increase in resorption. In principle, the model
would appear to be simple, attributing to factors
released from the matrix reabsorbed by the OCs a
role in the recruitment of osteoblast®***. However, in
a study published in 2001, the Molecular Biology

Group of the University of Hamburg demonstrated
that, in some murine models of osteopetrosis and
in a patient with the malignant infantile form, in
spite of a functional alteration in the resorptive
mechanism in the presence of a normal number of
OCs, such as is produced with the annulment of the
chloride channels CIC-7 C, there was normal bone
formation’. This fact suggests that there are factors
independent of the matrix reabsorbed by the OCs
whose role in the coupling is probably more signi-
ficant.

Among the mechanisms in which OCs interve-
ne directly stimulating osteoformation, the follo-
wing have been proposed”: on the one hand,
ephrin B2, expressed in the osteoclast membrane,
is capable of provoking an activation signal by
bonding with its osteoblast receptor EphB4; also,
sphingosine-1-phosphate is capable of causing the
recruitment of osteoblast precursors to the remo-
delling sites™, although treatment with analogues
of this molecule has not shown significant results
in the mending of fractures”. OC expresses, in
addition, regulatory factors negative to osteoblasts,
such as Atp6v0d2 (a subunit of the V-ATPase pro-
ton pump)®. Even though the physiological role of
these molecular signals is not known, the findings
which have been commented on suggest that the
intervention of the OCs in remodelling is not limi-
ted to bone resorption, but that they also play a
significant role in the coupling through molecular
signals which participate in the recruitment, acti-
vation and inhibition of the osteoblasts.

2. Immune cells

Both OCs and OBs have the capability of respon-
ding to a wide variety of cytokines produced by
the cells of the innate and adaptive immune
systems™® 1! The OCs contain all the mechanisms
necessary for endocytosis and the processing of
exogenous proteins coming from the material
generated during resorption and in pathological
situations such as osteomyelitis. In 2009, Kiesel et
al.'" demonstrated that the OCs could recruit T
CD8+ FoxP3+ cells and present their antigens.
These cells would play a regulatory role, whose
function in non-inflammatory situations is unk-
nown. A very attractive but non-proven hypothe-
sis relates this capacity of the OCs as presenters of
antigens to the existence of a large reservoir of
CD8+ central memory T-lymphocytes in the bone
marrow, the former participating in the latter’s
recruitment and maintenance'.

The extraction of necrotic bone during a bac-
terial infection is another of the mechanisms in
which OCs play a part in the immune response. In
fact, in an elegant study in which murine models
which emulated the biology of osteomyelitis and
of periodontal implants were used, Li et al.'™
demonstrated that the functional inhibition of the
OCs by bisphosphonates and by osteoprotogerin
was associated with an increase in the quantity of
necrotic cortical bone around the implant which
acted as nests for the bacterial colonisation, while
at the same time reducing the size of the drainage



orifice through which the opsonised bacteria were
expelled to the exterior of the lesion. These data
are highly significant since they suggest that the
pharmacological inhibition of osteoclasts could be
contraindicated in bone infections, as well as in
the pathogenesis of osteonecrosis of the jaw,
where bacterial colonisation is very important, and
where OCs would play a key role, at least in its
initial phases.

3. Articular cartilage

In those process in which the destruction of hyali-
ne articular cartilage occurs, giant multinucleated
cells have been observed which express the osteo-
clast phenotype (TRAP+, cathepsin K+, MMP9+
CD14-, HLA-DR-, CD45+, CD51+ and CDG8+).
These cells, called “chondroclasts” in some publica-
tions, have the capability of reabsorbing the cartila-
ginous matrix and have been implicated in the
pathogeny of diseases such as rheumatoid arthritis
or arthrosis'®. Their specific role has not been esta-
blished with any certainty, although there is various
indirect evidence to suggest that they may play a
significant role on articular damage. It is known
that 30% of the total RANKL which is produced in
arthritic joints is synthesised in the cartilage, essen-
tially through the chondrocytes'™. The soluble part
of this cytokine acting like a paracrine, may partici-
pate, through osteoclast activation in locations of
chondral-sinovial contact, in the pathology of ero-
sion and of juxtaarticular osteopenia, which charac-
terise rheumatoid lesions. Furthermore, even
though it has not been demonstrated with sufficient
certainty, chondrocytic RANKL may contribute to
the transformation and activation of the mononu-
clear precursors, resulting in chondroclasts capa-
ble of degrading the cartilage. The mechanisms
through which this action would occur is not yet
known, but there is, undoubtedly, an interesting
question to be asked based around about the possi-
ble therapeutic role of the inhibitors of RANKL in
processes such as arthrosis.

4. Energy metabolism

Osteocalcin, a small peptide produced by osteo-
blasts, stimulates the secretion of insulin by the
beta pancreatic cells, a finding of enormous
importance in decisively implicating bone tissue in
the hormonal control of energy metabolism'”’. This
molecule has a number of the characteristics of a
hormone: it is a specifically cellular product,
synthesised in a pre-propeptide form and secreted
into the circulation after a process of vitamin K-
dependent gamma-carboxylation. This fact
explains its great affinity for the bone matrix,
which causes it to be released during bone resorp-
tion and converted into its active form after expo-
sure to the acid pH of the resorption lacuna. In
transgenic mice which lack V-ATPase activity,
hypoinsulinemia and glucose intolerance associa-
ted with reduced levels of osteocalcin are obser-
ved. A study which analysed the effects of alen-
dronate in a small sample of patients showed
reduced levels of infra-carboxylated osteocalcin
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which is associated inversely with an increase in
body weight and of fat mass'. However, a review
of the results of the FIT, HORIZON and FREEDOM
studies did not show any alteration in these para-
meters, nor in glucose metabolism'’. In summary,
while animal models suggest a role for bone
remodelling in the control of energy metabolism,
the studies carried out in humans show discordant
results which need to be clarified in the future!.

Conclusions

The OC has been considered classically to be a cell
whose function is exclusively that of bone remode-
lling, and which exhibits gregarious behaviour.
However, in the last decade experimental findings
have drastically transformed this over-simplistic
view. The OC shares common origins with the
cells of the immune system, both in the myeloid
and the lymphoid series. Its role in articular inflam-
matory diseases such as rheumatoid arthritis is pro-
bably highly significant, since, to its well-known
function as the only cell capable of dissolving the
calcified bone matrix, are added new roles due to
its capacity to secrete cytokines and as an antigen
presenter cell. OCs, as extraordinarily dynamic
cells, are therapeutic targets of enormous interest
(Table 1) due to their participation in processes
such as osteoporosis, arthrosis or cancer.
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