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What You Will Learn in This Chapter
Osteoclasts are monocyte/macrophage arising cells with the classical function of bone 
resorption, thus fulfilling the bone remodelling process in concert with osteoblasts. The 
correct balance between osteogenic functions and osteoclast activity is mandatory to pre-
vent skeletal diseases. While an exacerbated bone resorption is associated with bone loss, 
eventually leading to osteoporosis, the lack of osteoclast activity is responsible for osteope-
trosis, a rare genetic disorder characterised by increased bone density and a wide heteroge-
neity in terms of severity, ranging from asymptomatic to fatal in infancy. Besides this 
well-established role in bone resorption, new functions have been recently attributed to 
the osteoclast. Indeed there is a reciprocal crosstalk between osteoclasts and osteoblasts 
which influence each other, in case of osteoclasts by releasing factors from the resorbing 
matrix and by secreting the so-called clastokines. Another recently discovered function of 
osteoclasts is haematopoiesis regulation. This draws to the obvious consequence that any 
osteoclast dysfunction would not cause exclusively a bone phenotype. As for other cell 
types, the knowledge of osteoclast biology has benefited from the study of skeletal dis-
eases in which their formation and function are compromised. Furthermore, well-estab-
lished methods are available to perform osteoclast primary cultures, and the identification 
of macrophage colony-stimulating factor (M-CSF) and receptor activator of nuclear factor 
ĸB ligand (RANKL) as pro-osteoclastogenic factors fostered their employment. Therefore, 
nowadays the preferential way to obtain purified differentiated osteoclasts is to isolate 
osteoclast precursors from the bone marrow or peripheral blood mononuclear cells and 
treat with the above-mentioned pro-osteoclastogenic cytokines.

3.1  Osteoclast Biology

Osteoclasts are classically described as the cells of the bone tissue devoted to destroy the 
mineralised matrix, thus accomplishing an apparently damaging function that actually is 
crucial for the correct homeostasis of this hard tissue [1]. In fact, bone resorption is a 
necessary step that, when perfectly balanced by the osteogenic function of osteoblasts, 
fulfils the bone remodelling process, which ensures the maintenance of a correct bone 
mass throughout the life of each individual, in terms of both quality and quantity. When 
this delicate osteoblast-osteoclast coupling is unbalanced, it causes bone diseases.

As for many other cell types of the body, the biology of osteoclasts has benefited from 
the study of skeletal diseases in which their formation and function are compromised. The 
classical example is osteopetrosis (also known as marble bone disease), a rare genetic dis-
order characterised by increased bone density accompanied by a wide range of complica-
tions, such as bone marrow failure, compressive neuropathies, hypocalcaemia and 
fractures, most of them resulting from the lack of bone resorption [2].

3.1.1  Osteoclastogenesis

One of the first experiments suggesting the actual origin of osteoclasts dates back to the 
late 1970s, when it was shown that bone resorption could be restored in osteopetrotic mice 
by bone marrow transplantation or by parabiosis, thus suggesting a haematopoietic origin 
and a circulating ability of osteoclast precursors [3]. These results came after other studies 
that, in contrast, had hypothesised a common origin for osteoblasts and osteoclasts [4]. 
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Therefore, as stated by Chambers in his recent review [5], «the osteoclasts are not really 
bone cells, but blood-borne immigrants into bone».

By now, it is known that osteoclasts arise from the monocyte/macrophage cell line 
through a step-by-step process requiring the sequential activation of specific pathways 
(. Fig. 3.1). First, there is the switch-on of the transcription factor PU.1 [6], which drives 
the positive regulation of the receptor of the macrophage colony-stimulating factor 
(M-CSF), c-fms, expressed by the haematopoietic stem cells (HSCs). This event eventually 
leads to cell commitment towards a common progenitor for macrophage and osteoclasts, 
belonging to the granulocyte macrophage colony-forming unit (CFU-GM) lineage [7, 8]. 
M-CSF is necessary for proliferation and survival of these macrophage/osteoclast pro-
genitors. Moreover, it promotes the expression of the receptor activator of nuclear factor 
κB (RANK) [9]. This is a very crucial step due to the fundamental role of the RANK/
RANKL/osteoprotegerin (OPG) triad in osteoclastogenesis [10–13]. Moreover, the 
appearance of RANK also marks the transition from the CFU-GM cells to a committed 
osteoclast precursor [14]. The pro-osteoclastogenic ligand of RANK (RANKL) is pro-
duced by lymphocytes, stromal cells, osteoblasts and osteocytes, preferentially as a trans-
membrane cytokine, requiring a cell-cell contact, and, in lower quantities, as a soluble 
factor released through the proteolytic cleavage of the active ectodomain. In both circum-
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       . Fig. 3.1 Osteoclast differentiation. Schematic representation of the multistep process of osteoclast 
differentiation. For each step, the genes crucial for the process are reported (boxes). HSC haematopoietic 
stem cells, GM-CFU granulocyte/monocyte colony-forming unit, OCL osteoclast, M-CSF macrophage col-
ony-stimulating factor, OPG osteoprotegerin, RANK receptor activator of nuclear factor κB, RANKL RANK 
ligand
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stances, RANKL primes intracellular pathways in the osteoclast precursors that definitely 
promote their full differentiation (. Fig. 3.1).

As mentioned above, another player in the regulation of osteoclastogenesis is OPG, a 
secreted glycoprotein belonging to the TNF receptor superfamily [10]. It shares the same 
extracellular domain of RANK, which allows binding of RANKL, thus preventing its 
interaction with RANK (. Fig. 3.1). It is therefore described as a decoy receptor that neg-
atively affects osteoclastogenesis [10].

Going deeply inside this pathway, RANKL binding to RANK induces the subsequent 
interaction of the cytoplasmic tail of RANK with the TNF receptor-associated factor 
(TRAF) 6, which in turn activates the transcription factor nuclear factor κ-light-chain- 
enhancer of activated B cells (NF-κB). This is a dimeric transcription factor pivotal for 
osteoclastogenesis, since the double knockout of its subunits prevents osteoclast forma-
tion [15]. NF-κB in turn upregulates the nuclear factor of activated T cells and cytoplas-
mic, calcineurin-dependent (NFATc) 1, which undergoes auto-amplification. The 
cooperation among NF-kB, NFATc1, activator protein 1 (AP1), PU.1 and microphthalmia- 
associated transcription factor (MITF) finally promotes the transcription of specific 
downstream genes necessary for osteoclast differentiation and function [14]. These 
include tartrate-resistant acid phosphatase (TRAcP), cathepsin K, matrix metalloprotease 
9 (MMP-9), calcitonin receptor (CTR) and dendritic cell-specific transmembrane protein 
(DC-STAMP), the latter pivotal for fusion of preosteoclasts into multinucleated cells [16]. 
Although the discovery of the RANKL/RANK pathway represents a milestone in osteo-
clastogenesis, this also requires the involvement of two immune co-receptors displaying 
the classical immunoreceptor tyrosine-based activation motif (ITAM): Fc receptor com-
mon γ signalling chain (FcRγ) and DNAX-activating protein of 12 kDa (DAP12). These 
co-receptors interact with osteoclast-associated receptor (OSCAR) and trigger receptor 
expressed on myeloid cells 2 (TREM2), with a resulting activation of the phospholipase Cγ 
(PLCγ) eventually leading to intracellular Ca2+ oscillations that mediate calcineurin- 
dependent activation of NFATc1 [17].

3.1.2  Osteoclast Functions

Apart from the well-known activity of bone resorption, the picture of osteoclast duties has 
changed over the years, thus delineating a new profile including unexpected functions for 
this very versatile cell, as we will describe in the next paragraphs.

 Osteoclast Bone Resorption
The machinery of bone resorption is now well known and requires mature and polarised 
multinucleated cells, firmly adhering to the bone surface in order to isolate the underlying 
matrix that will be digested. A mature osteoclast is a polarised cell with plasma membrane 
domains associated with specific functions. The specialised domain facing the bone 
matrix, characterised by extensive folding of the plasma membrane, is named «ruffled 
border». The «sealing membrane», a circular outer domain-containing adhesion struc-
tures, is crucial for the tight sealing of the bone area to be resorbed [1]. These adhesions 
are called podosomes [18] and are constituted by dynamic actin microfilaments, actin- 
binding proteins and signalling molecules, which move to the periphery of the osteoclast 
forming a podosomal belt [19]. A further step of cytoskeletal rearrangement before start-
ing resorption is the gathering of podosomes in hooplike structures named actin rings 
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[19]. Finally, the tight sealing is guaranteed by the integrin receptors, mainly αVβ3 and, to 
a lesser extent, α2β1 and αVβ5, which ensure the tight anchorage of microfilaments with 
the extracellular matrix.

The portion of the osteoclast membrane facing the vascular compartment represents 
the basolateral domain [20], which again participates to the bone resorption function 
since it is rich of molecules involved in ion transport, and in the response to extracellular 
stimuli. Just opposite to the ruffled border, the basolateral membrane displays the 
functional secretory domain [21] that contributes to the release of the bone degradation 
products into the circulation, through intense vesicular trafficking and transcytosis 
processes [22].

Bone resorption is a step-by-step process (. Fig.  3.2). After adhesion, osteoclasts 
 dissolve first the inorganic components of the bone matrix. To this aim, the carbonic 
anhydrase II (CAII) accelerates the hydration of carbonic anhydride (CO2) into carbonic 
acid (H2CO3), which spontaneously dissociates in bicarbonate (HCO3

−) and proton (H+) 
ions. The latter are actively transported in the extracellular microenvironment under-
neath the cells, called resorption lacuna, by means of a specialised vacuolar-type proton 
(H+)-ATPase located in the ruffled border, while the HCO3

− is exchanged with chloride 
(Cl−) through the HCO3−/Cl− anion exchanger 2 (AE2) [23, 24]. The Cl− ions are then 
moved in the resorption lacuna by a 2Cl−/1H+ antiporter, and the result is the presence 
of hydrochloric acid (HCl) in the lacuna. This acidic microenvironment dissolves the 
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hydroxyapatite, exposing the organic bone matrix, which can now be digested by proteo-
lytic enzymes, including cathepsin K [25], released by lysosomal exocytosis. Finally, debris 
deriving from the digested matrix is removed by the osteoclast through the functional 
secretory domain by transcytosis [26].

The mechanism of bone resorption has recently been further enriched by other mol-
ecules (. Fig. 3.2). Pleckstrin homology domain-containing family M (with RUN domain) 
member 1 (PLEKHM1) [27] is likely involved in vesicular trafficking, while osteopetrosis- 
associated transmembrane protein 1 (OSTM1) [28] represents the β subunit of the 
2Cl−/1H+ antiporter, ensuring its correct placing in the lysosomal and ruffled border 
membranes.

 Osteoclast Regulation of Osteoblasts
It is well known that a close crosstalk between osteoclasts and osteoblasts is crucial to 
maintain a correct balance between resorption and formation in the bone remodelling 
process. Although the paracrine regulation of osteoclasts by osteogenic cells is well 
described, the reciprocal regulation has become apparent only recently.

Definitely, osteoclasts concur to regulate osteoblast formation and recruitment at the 
sites of bone remodelling through the release of factors stored in the bone matrix, such as 
transforming growth factor (TGF) β, insulin-like growth factor 1 (IGF1) and bone mor-
phogenetic proteins (BMPs) [29, 30], which recruit and activate osteoblasts in the resorbed 
area. In addition, what emerged recently is that osteoclasts directly regulate osteoblast 
differentiation by secreting coupling factors, collectively called clastokines [31–33]. This 
was previously suggested by the observation that transgenic mice in which osteoclast for-
mation is severely affected present with impaired osteoblast function and decreased bone 
mineralisation [34, 35]. Conversely, in the osteoclast-rich osteopetrosis models, bone for-
mation rate is not affected or is even increased [36, 37].

One of the first clastokines identified so far is sphingosine 1-phosphate (S1P), which 
was found to induce in vitro osteoblast differentiation [38, 39]. Consistently, in vivo stud-
ies performed with myeloid-specific cathepsin K knockout mice showed that their osteo-
clasts had increased levels of S1P with a consequent increase of osteoblast number [31].

TRAcP is another evoked clastokine, which likely promotes osteoblast differentiation. 
Indeed, TRAcP-overexpressing mice have an increased bone formation rate [40]. Similar 
effects were observed with the collagen triple repeat containing 1 (CTHRC1) [41, 42] and 
the complement factor 3a (C3a), the latter recently identified in osteoclast-conditioned 
medium [43]. Interestingly, it has been observed that while CTHRC1 deletion in osteo-
blasts does not induce a bone phenotype, its conditional knockout in osteoclasts resulted 
in reduced bone mass and bone formation rate [44].

 The Osteoclast Niche: Regulation of Haematopoietic Stem Cells
Another recently discovered function of osteoclasts is the regulation of haematopoiesis, 
which highlights the high versatility of this cell. An indirect role of HSC regulation for the 
osteoclast has been ascertained by the means of the MMP-9 and cathepsin K enzymes 
released during resorption, which regulate the activation of some cytokines crucial for 
HSC homeostasis. In particular, cathepsin K cleaves the CXC chemokine ligand 12 
(CXCL12), responsible for the anchorage of the HSC to the niche, causing the mobilisa-
tion of immature haematopoietic progenitor cells [45]. Likewise, MMP-9 allows the 
release of soluble Kit-ligand (sKit-L), thus promoting the transfer of HSC from the 
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quiescent to proliferative niche. Consistently, in MMP-9 knockout mice, both sKit-L 
release and HSC motility are impaired, resulting in the failure of haematopoietic recovery 
[46]. Interestingly, it has been observed that increased levels of local calcium, which could 
derive from the osteoclast bone-resorbing activity, promote HSC engraftment at the end-
osteal niche [47].

Other clues suggesting that osteoclasts could regulate HSC rely on the evidence that 
some treatments affecting osteoclasts also influence HSC homeostasis and vice versa. As 
an example, bisphosphonates augmented peripheral HSC numbers after their mobilisa-
tion with granulocyte colony-stimulating factor (G-CSF) [48], while Sim et al. showed 
that alendronate increased the long-term engraftment potential and stress resistance of 
HSCs [49]. Strontium ranelate, which also inhibits osteoclast function, delayed the recov-
ery of HSC after bone marrow transplantation [50]. Likewise, bone marrow HSCs are 
increased after prostaglandin E2 (PGE2) administration [51]. Finally, mobilisation of 
HSC after G-CSF treatment is further increased in mice carrying osteopetrosis due to 
mutation of genes involved in osteoclast differentiation, including M-CSF, c-Fos and 
RANKL, while it is reduced in osteoprotegerin (OPG) knockout mice [52], characterised 
by high numbers of osteoclasts.

3.2  Osteoclast Deregulation and Related Pathologies

The picture of osteoclast physiology has undoubtedly benefited from the study of diseases 
in which their formation and function are deregulated. In fact, the correct balance between 
osteogenic functions and osteoclast activity is mandatory to preserve the bone and pre-
vent skeletal diseases. Herein we will describe three main pathologies due to the failure of 
osteoblast-osteoclast coupling.

3.2.1  Osteoporosis

This is a systemic and progressive bone disease characterised by a decrease in bone mass 
and density, eventually leading to a higher risk of fracture [53, 54]. It has been estimated 
that approximately 30% of postmenopausal women develop osteoporosis in the United 
States and in Europe, and at least 40% of these women and 15–30% of men will experience 
one or more fractures in their remaining lifetime [55, 56]. Furthermore, increase of life 
expectancy worldwide will be responsible for a steadily increase in the incidence of this 
disease in the years to come.

The term «primary» osteoporosis refers to a condition related to elderly people and is 
further classified as type I (i.e. postmenopausal) and type II (age related) [57]. This condi-
tion is generally due to an exacerbated osteoclast activity that cannot be compensated by 
a suitable deposition of new bone by osteoblasts. As a matter of fact, age-related oestrogen 
and androgen withdrawal is the main guilty of bone mass defaillance, since these hor-
mones physiologically act on two fronts: promoting osteoblast survival and function to 
one side and restraining bone resorption by favouring osteoclast apoptosis to the other 
[58, 59]. Oestrogens also reduce osteoblast production of pro-osteoclastogenic cytokines, 
such as tumour necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6 and RANKL, and 
increase the secretion of OPG [60, 61].
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Secondary osteoporosis includes a broad range of osteoporotic features arising from a 
number of chronic diseases with the onset at any ages [62]. Indeed, bone mass loss could 
be secondary to the four following disease conditions:

 5 Endocrine diseases, such as hypogonadism and, to a lesser extent, hyperthyroidism. 
Glucocorticoid treatment, which is often indicated in the anti-inflammatory thera-
pies, is also responsible for bone loss [63].

 5 Environmental and lifestyle factors, which include sedentary life, alcohol and use of 
drugs [64].

 5 Chronic inflammatory diseases, such as the rheumatoid arthritis [65].
 5 Reduced mobility as consequence of cerebrovascular accident, spinal cord injury and 

weightlessness, the latter condition experienced by astronauts living for months at 0 
gravity [66, 67].

According to the knowledge of the onset of osteoporosis, animal models have been devel-
oped in order to experimentally mimic this disease. With regard to the oestrogen with-
drawal-induced osteoporosis, the best model employed is the ovariectomy of adult (age 
4–8 weeks old) female mice and rats [68]. Ovariectomized (OVX) animals show a dra-
matic decrease of trabecular bone mass along with an increase of the osteoclast numbers 
and of the serum levels of the bone resorption marker carboxy-terminal collagen cross-
links (CTX) [69].

A successful in vivo model of secondary osteoporosis is the hindlimb suspension [70]. 
This model mimics the bone loss induced by mechanical unloading. Mice or rats are sub-
jected to hindlimb suspension by means of their tail, which is hanged to a swivel apparatus 
(approximately 30° angle), thus allowing animals to move freely into the cage using their 
forelimbs and to readily access food and water. After 21 days of suspension, animals pres-
ent a decrease in their bone volume, due to an increase of osteoclast numbers [71].

Finally, another model useful to mimic disuse osteoporosis is the botulin toxin A 
(Botox) treatment, which consists in the injection of Botox (2.0 unit/100 g) into the right 
quadriceps and the posterior compartment of the right calf (targeting gastrocnemius, 
plantaris and soleus) [72]. Therefore, this treatment induces a transient and local paraly-
sis, eventually leading to hindlimb bone loss, which becomes overt after 21 from treat-
ment [71, 72].

3.2.2  Bone Metastases

Bone metastases represent the fatal destiny of several oncologic patients, especially those 
affected by breast and prostate carcinomas, in which the incidence of relapse in bone can 
reach 70 and 90%, respectively [73]. Once bone metastases come up, the chance of sur-
vival dramatically drops, and the quality of life deteriorates, eventually leading to a severe 
morbidity characterised by pain, fractures, nerve compression and, not least, hypercalce-
mia, due to exacerbated bone resorption [74]. From the clinical and radiographic points of 
view, bone metastases can be classified into (i) osteosclerotic, in which there is an abnormal 
deposition of a woven bone, very poor in quality; (ii) osteolytic, due to prominent bone 
resorption; and (iii) mixed, in which both features coexist in the same metastatic site [75]. 
Osteolytic lesions are most frequently observed in breast cancer patients, and as suggested 
by the name, bone erosion is extensive, allowing the tumour cells to create a physical space 
into a hard tissue, where they can survive and proliferate [75]. Therefore, this pathological 
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condition typically evokes an exacerbated osteoclast activity. As a matter of fact, there is 
a general consensus about the fact that tumour cells are not able per se to resorb the bone 
matrix, while they can produce factors that directly and/or indirectly stimulate osteoclast 
formation and activity, thus incepting the so-called vicious cycle [75]. Several studies tried 
to picture this complex and tight crosstalk between osteoclasts and cancer cells, paving 
the way for the identification of new therapeutic strategies able to affect both cell types 
[76, 77]. Most of these studies relied on the possibility to reproduce the bone metastatic 
disease in mouse models, through the intracardiac injection of osteotropic tumour cells. 
This technique, developed by Arguello [78] and implemented by Yoneda [79], implies the 
injection of tumour cells that have a specific propensity to colonise the bone, into the left 
ventricle of 4-week-old female mice, the latter being immunocompromised if the tumour 
cells are of human origin. This allows cells to spread in the systemic circulation and colo-
nise the bone. Generally, after 3–4 weeks from cell inoculation, it is possible to appreciate 
the presence of osteolytic lesions in the hindlimbs of mice by X-ray analysis [80]. Further 
processing of the hindlimbs for histochemical and histomorphometric analysis allows to 
determine other features of the bone metastases, which include the increase of osteoclast 
number and surface over the bone surface by histomorphometric analysis, and the wors-
ening of the tumour burden, by histological staining with haematoxylin and eosin or by 
immunohistochemistry of specific tumour markers [80].

Among the factors involved in the fuelling of the vicious circle, the parathyroid 
hormone- related protein (PTHrP) was one of the first spotted protagonists, proven to 
exert a key role in the development of bone metastases [81]. Moreover, its production by 
tumour cells is further stimulated by TGFβ [82]. In turn, PTHrP induces osteoblasts and 
stromal cells to produce RANKL, thus promoting osteoclastogenesis [83].

Other pro-osteolytic factors produced by tumour cells in the bone microenvironment 
are IL-6, IL-8 and IL-11 [84, 85], cyclooxygenase-2 (COX-2) [86], hypoxia inducible fac-
tor (HIF)-1α [87] and TNF-α, all promoting osteoclast formation and resorption. 
Moreover, a recent study from Sethi et al. [88] demonstrated that tumour-derived Jagged 
promotes osteolytic bone metastases by the activation of the NOTCH pathway in osteo-
clasts [88].

What further consolidates the vicious circle is that osteoclasts, while destroying the 
bone matrix, release and activate several growth factors therein stored, such as TGFβ, 
BMPs, IGF-1, VEGF and PDGF, which support tumour cell survival and growth. Therefore, 
it is conceivable that, in order to fight the vicious circle, it is necessary to act on two fronts: 
(i) inhibit osteoclast activity by antiresorptive therapy and (ii) block local tumour growth, 
thus counteracting this dangerous synergy.

3.2.3  Osteopetrosis

This pathology features the other side of the coin, that is, when osteoclasts do not work at 
all. In fact, osteopetrosis (i.e. marble bone disease) is an onomatopoeic term to describe a 
rare genetic disorder characterised by increased bone density at radiography, now known 
to be due to the impairment of osteoclast function [89]. The first description of the clinical 
features of osteopetrosis came from Albers-Schönberg in 1904, who also gave the name to 
this pathology [90].

Osteopetrosis is a very heterogeneous disease in terms of severity, ranging from asymp-
tomatic to fatal in infancy. Four forms of osteopetrosis are currently classified: autosomal 
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dominant, autosomal recessive, intermediate autosomal recessive and X-linked osteope-
trosis [2]. The hallmarks for all these variants are the increase of bone mass, eventually 
leading to frequent fractures due to a poor quality of the bone, and reduced skull cavities, 
nerve foramina and bone marrow space. Extra skeletal symptoms are also present, such 
as anaemia, pancytopenia and hepatosplenomegaly, all due to bone marrow failure [89]. 
The autosomal recessive osteopetrosis is generally the most severe form, with an incidence 
of up to 1 in 250,000 births. It is also known as malignant infantile osteopetrosis, due to 
the lethal outcome and the early onset in the first year of life. It is characterised by dense 
and fragile bones, deformities, short stature, deafness and blindness, bone marrow failure 
and impaired immune function, with sepsis and secondary infections and, in some cases, 
mental retardation due to primary neurodegeneration [91].

Osteopetrosis is a typical osteoclast failure disease, and depending on whether it is due 
to a defect in osteoclast formation or in osteoclast function, it is classified as osteoclast- 
rich or osteoclast-poor subtypes. The former is the most common form. In this case, 
osteoclasts are generated normally, but they do not degrade bone due to loss-of-function 
mutations in genes encoding for key factors responsible for bone resorption, such as the 
TCIRG1, which encodes the a3 subunit of the H+-ATPase pump, accounting for the 50% 
of autosomal recessive cases [92, 93]. Mutations in the CLCN7 and the CA II genes, coding 
for the 2Cl−/1H+ antiporter and the carbonic anhydrase type II, respectively, are also 
implicated in this disease [94, 95]. Osteopetrosis due to CAII mutations is characterised 
also by renal tubular acidosis and has an intermediate severity [95]. Loss-of-function 
mutations of the CLCN7 gene cause a severe autosomal recessive form characterised by 
lysosomal storage diseases often leading to primary neuropathy [94], while heterozygous 
missense mutations cause autosomal dominant osteopetrosis, characterised by a milder 
course.

Other genes recently found to be involved in osteopetrosis are OSTM1, which has the 
likely role to act as a β-subunit to stabilise the ClC-7 protein [96], and sorting nexin 10 
(SNX10), whose product has been suggested to interact with the proton pump [97]. 
PLEKHM1 is another protein whose deficiency induces an intermediate form of osteope-
trosis, due to a defective vesicular trafficking in osteoclasts, eventually leading to impair-
ment of their activity [27].

With regard to the osteoclast-poor type, Sobacchi et al. [98] found in 2007 that muta-
tions in the TNFSF11 gene, coding for RANKL, caused autosomal recessive osteopetrosis 
characterised by a complete absence of osteoclasts. Unfortunately, patients carrying this 
mutation cannot be treated with HSC transplantation, the only therapeutic option for the 
management of infantile osteopetrosis, because the molecular defect is not intrinsic in the 
osteoclast but affects RANKL-producing cells, including osteoblasts and stromal cells. 
Consistently, another study identified mutations in the TNFRSF11A gene coding for 
RANK, giving rise to an autosomal recessive form with a phenotype similar to that caused 
by RANKL mutations [99] but treatable with HSC transplantation given that this defect is 
osteoclast autonomous.

3.3  Osteoclast Pharmacology

When osteoclast bone resorption exceeds osteoblast bone formation, a net loss of bone 
mass occurs. Therefore, these cells are targeted by various drugs in order to rescue a bal-
anced bone turnover. The most prevalent treatments are herein described.
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3.3.1  Bisphosphonates

Bisphosphonates include a group of compounds that strongly inhibit osteoclast function, 
and over the past two decades, they have been largely employed to treat osteoporosis and 
bone metastases [100]. What made bisphosphonates a good therapeutic strategy is their 
selective affinity for the bone, due to their P-C-P backbone structure and ability to chelate 
calcium ions, thus binding to exposed bone mineral and being internalised by bone- 
resorbing osteoclasts that then undergo apoptosis [101]. Indeed, the simplest bisphospho-
nates, clodronate and etidronate, employed since 1989, induce massive osteoclast apoptosis 
because they are incorporated into non-hydrolysable analogues of adenosine triphosphate. 
The more powerful next-generation nitrogen-containing bisphosphonates (pamidronate, 
alendronate, ibandronate, risedronate, zoledronate) instead inhibit a key enzyme of the 
mevalonate pathway, the farnesyl pyrophosphate (FPP) synthase, thus resulting in the 
accumulation of the isopentenyl diphosphate, which is incorporated into the toxic nucleo-
tide metabolite ApppI, eventually leading to osteoclast apoptosis as well [101]. Moreover, 
bisphosphonates prevent the prenylation of small GTPases, hereby disrupting the produc-
tion of isoprenoid lipids in the mevalonate pathway and affecting osteoclast function [102].

With regard to the therapeutic application in the treatment of postmenopausal osteo-
porosis, while the first generation of bisphosphonates showed a moderate effect on bone 
resorption, the second- and third-generation compounds were much more potent, as 
shown by several clinical trials performed during the last 15 years, with a reduction of 
fracture rates up to 50% [103]. However, recently, an association between long-term 
bisphosphonate use and atypical femoral fracture risk has emerged [55, 104]. Moreover, 
due to the high affinity of bisphosphonates for the bone mineral, they accumulate in the 
bone matrix in long-term treatments, «freezing» the bone and causing it to become much 
more static [105].

The use of bisphosphonates in the management of bone metastases has beneficial 
effects not only for osteolytic lesions but also for osteosclerotic metastases, efficiently 
counteracting skeletal morbidity and improving the quality of life [106]. However, benefits 
in the increase overall survival of patients need to be more deeply ascertained, and likely 
as a consequence of the massive dose administered in these patients, some of them 
develop, as an adverse effect, the osteonecrosis of the jaw [107].

3.3.2  Denosumab

Given the pivotal role of the RANKL/RANK/OPG axis in the biology of the osteoclast, 
many therapeutic strategies were diverted to block this pathway. A recent drug developed 
for this purpose is denosumab, a human monoclonal IgG2 antibody specifically raised 
against the soluble and cell surface RANKL, thus inhibiting its binding to RANK with a 
resulting block of osteoclastogenesis [108]. Overall, the effectiveness of this drug in post-
menopausal osteopenic women seems to be not inferior, or even greater, than that of the 
reference drug alendronate, with a better patient compliance, since administration is per-
formed subcutaneously once every 6 months [109–111]. Denosumab treatment also 
improves bone mechanical properties [112], and its effect on bone remodelling seems to be 
reversible [113] after stopping the treatment, thus avoiding a permanent loss of dynamicity 
of the bone. Finally, it has been reported that denosumab has the same adverse effect of 
alendronate [114], while other studies found hypocalcaemia in few treated patients [109].
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3.3.3  New Antiresorptive Agents

Due to the possible side effects observed in the currently available antiresorptive thera-
pies, the need to identify new targets for alternative treatments is still present [115]. In this 
respect, the most recently identified strategies are described below.

 Cathepsin K Inhibitors
Cathepsin K belongs to a large family of at least 11 cysteine proteases in humans. As already 
mentioned, it is highly expressed and released by osteoclasts inside the resorption lacuna 
where it breaks down type I collagen. Indeed, the pivotal role of this enzyme in osteoclasts 
has been clearly demonstrated by the fact that mutations of its gene lead to pycnodysostosis 
(i.e. Toulouse-Lautrec syndrome), a rare genetic disease characterised by an impairment of 
bone organic matrix resorption, while osteoclasts form and demineralise the bone matrix 
normally [116, 117]. From a therapeutic point of view, the fact that cathepsin K inhibitors 
block osteoclast activity and do not prevent osteoclast formation is a remarkable advan-
tage, given that it allows the osteoclast to perform other physiologic functions, one for all 
the regulations of osteoblasts. Odanacatib (MK-0822) is a cathepsin K inhibitor that has 
been employed in phase I and II clinical trials in postmenopausal women, proving to be 
effective in preventing bone resorption [118]. This compound has also been found to 
reduce serum bone resorption biomarkers in breast cancer patients with bone metastases 
[119]. Another cathepsin K inhibitor under phase I and II clinical trial is ONO-5334, which 
shows an antiresorptive activity similar to that of bisphosphonates [120].

 αVβ3 Integrin Inhibitors
αVβ3 integrin is also a potential antiresorptive and antitumoural target, since this recep-
tor participates in osteoclast adhesion, triggering a complex intracellular signalling involv-
ing tyrosine kinases c-Src and Syk [121], a crucial step for the assessment of bone 
resorption. αVβ3 integrin inhibitors (i.e. S247, ATN-161, PSK1404) have been mainly 
employed in preclinical trials to treat bone metastases, providing the double advantage to 
target osteoclasts and tumour cells, since in the latter this integrin can be highly expressed 
and provide a pro-invasive phenotype [122]. L-000845704 is another αVβ3 antagonist 
already employed in clinical trials, which proved to inhibit bone resorption in women 
with postmenopausal osteoporosis [123].

3.4  Methods for Osteoclast Primary Cultures

First attempts to obtain osteoclast primary cultures, dating back more than 30 years ago, 
include mechanical disaggregation of the long bones of newborn animals (i.e. rabbits and 
rats), which provided short living mature osteoclasts [124, 125]. Successful mature osteo-
clasts were also isolated from the long bones of laying hens kept in low-calcium diet, a 
condition that enhances osteoclast formation and activity [126].

The identification of M-CSF and RANKL as powerful pro-osteoclastogenic factors has 
greatly contributed to the generation of osteoclast primary cultures from different sources. 
In fact, nowadays, the preferential way to obtain primary osteoclasts is by isolating osteo-
clast precursors from the bone marrow or peripheral blood mononuclear cells and dif-
ferentiating them using these two pro-osteoclastogenic cytokines. This method results in 
a large number of purified differentiated osteoclasts.
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3.4.1  Osteoclast Isolation from Mouse Bone Marrow Cells

The fulfilment of this strategy has been supported by the ascertainment that osteoblasts 
and stromal cells inside the bone marrow produce a plethora of factors that positively 
regulate osteoclast differentiation from the monocyte/macrophage lineage. As described 
below, two main protocols can be used to obtain osteoclasts from bone marrow cells, one 
mimicking an osteoblast-preosteoclast coculture and the other requiring the purification 
of osteoclast precursors from the bone marrow.

 Osteoclast Primary Culture from Unfractionated Bone Marrow Cells
This method starts from a bone marrow culture, which contains osteoclast precursors and 
mesenchymal stromal cells supporting osteoclastogenesis by producing RANKL and 
M-CSF under the stimulation of 1α,25-dihydroxy-vitamin D3 [1,25(OH)2D3] added to the 
culture [127, 128]. Seven-day-old mice are euthanized by CO2 inhalation, and then the 
fore- and hindlimbs are excised and put in HANK’s balanced salt solution (HBSS). A gross 
cleaning with a blade is performed to remove the surrounding soft tissues; hence, the long 
bones are finely minced into small pieces, and bone marrow is mechanically flushed out 
by repeated pipetting with a Pasteur pipette. Collected bone marrow cells are cultured in 
Dulbecco’s modified eagle medium (DMEM) plus 10% foetal bovine serum (FBS); then, 
the day after, medium is replaced by fresh DMEM supplemented with 10% FBS and 10−8M 
1,25(OH)2D3. After 8–10 days of culture, multinucleated osteoclasts appear and can be 
subjected to characterisation [69].

 Osteoclast Primary Culture from Purified Bone Marrow 
 Macrophages
This method requires the isolation of osteoclast precursors from the bone marrow and 
their subsequent differentiation by treatment with M-CSF and RANKL. Briefly, the bone 
marrow is flushed out from the limbs of 7-day-old mice as described above; then it is 
diluted 1:1  in HBSS and stratified over Ficoll/Histopaque 1077. After centrifugation at 
400 g for 30 min without brake, the solution appears stratified in three layers. Osteoclast 
precursors are recovered from the white ringlike intermediate layer, resuspended in 
DMEM containing 10% FBS and plated. After 3 h, cultures are washed to remove non- 
adherent cells, and then DMEM supplemented with 10% FBS, 50 ng/ml mouse recombi-
nant (mr) M-CSF and 50  ng/ml mrRANKL are added. After 5–7  days of culture, it is 
possible to observe an enriched multinucleated osteoclast population [69].

3.4.2  Osteoclast Isolation from Human Peripheral Blood

The setup of this primary culture has greatly contributed to the study of the biology of 
osteoclasts in normal and pathological conditions, allowing to recover osteoclasts from an 
available human source, the peripheral blood, instead of bone marrow biopsies [93, 129].

Human peripheral blood mononuclear cells are obtained by density gradient of fresh 
peripheral blood [93]. This sample is first diluted 1:1 with PBS or HBSS and then stratified 
over Ficoll/Histopaque 1077 and centrifuged at 800 g for 30 min with the brake off. This 
procedure will again result in three layers, of which the middle white contains the osteo-
clast precursors. Isolated buffy coat cells are then washed with HBSS and centrifuged and 
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resuspended in DMEM plus 10% FBS and plated. After 3 h, plates are rinsed to remove 
non-adherent cells and cultured in the aforementioned medium in the presence of 50 ng/
ml human recombinant (hr) M-CSF and 30 ng/ml hrRANKL. The culture requires at least 
2 weeks in order to provide multinucleated osteoclasts and 3 weeks to assess bone resorp-
tion, during which the medium should be replaced every 3–4 days.

3.4.3  Evaluation of Osteoclast Differentiation

Three main determinants demonstrate that bona fide osteoclasts have been formed in the 
primary culture: (1) the presence of giant multinucleated cells (more than three nuclei/
cell) which can be easily observed by phase contrast microscopy, (2) the positivity of these 
cells to the osteoclast marker TRAcP and (3) their ability to resorb the bone. This latter 
will be discussed in the next paragraph.

 Histochemical TRAcP Assay
As suggested by the name, TRAcP belongs to a class of metalloenzymes that catalyse the 
hydrolysis of various phosphate esters and anhydrides under acidic conditions. Although 
it has always been considered a classical marker of osteoclasts, TRAcP is also expressed by 
inflammatory macrophages and dendritic cells. TRAcP activity can be easily evaluated in 
osteoclast cultures fixed in 4% paraformaldehyde, by a histochemical assay using a com-
mercially available kit (Sigma-Aldrich #387A) according to the manufacturer’s instruc-
tion. TRAcP-positive osteoclasts appear as purple stained cells with three or more nuclei 
(. Fig. 3.3a, b).

 Transcriptional Evaluation of Osteoclast-Specific Genes
As described above, during osteoclast differentiation, the activated NF-kB transcription 
factor promotes the transcriptional expression of downstream osteoclast-specific genes, 
which can be evaluated by RT-PCR.  Typical genes whose expression increases during 

TRAcP Toluidine blue

a b c

       . Fig. 3.3 a Picture showing an osteoclast primary culture obtained from purified bone marrow mac-
rophages and subjected to cytochemical assay for the tartrate-resistant acid phosphatase (TRAcP) activ-
ity (magnification, 25×). b Magnification of a (100×). c Picture of a bone slice stained with toluidine blue 
showing several resorption pits evidenced as blue spot (magnification = 100×)
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osteoclastogenesis are cathepsin K, CTR, MMP-9, RANK and TRAcP [69]. Genes whose 
expression is associated with preosteoclast fusion can also be evaluated, such as DC- 
STAMP, CD44 and macrophage fusion receptor (MFR).

3.4.4  Evaluation of Osteoclast Function

In vitro osteoclast activity can be easily assessed by the resorption pit assay. Osteoclast 
precursors are plated on dentine/bone slices (commercially available) and differentiated 
into mature osteoclasts as described above. Alternatively, after their differentiation in 
plastic dishes, mature osteoclasts are detached and replated onto dentine/bone slices for 
at least 48 h [66]. Osteologic dishes covered with a layer of hydroxyapatite can also be 
used. In both cases, at the end of the resorption period (48 h for rodent osteoclasts and 
1 week for human osteoclasts), cells are mechanically removed from the bone surface, 
and sections are stained with toluidine blue or Coomassie blue or observed by scanning 
electron microscopy. Toluidine blue and Coomassie blue staining are very easy proce-
dures, which exploit the higher affinity of these dyes for the organic bone matrix compo-
nents that are exposed after removal of the mineral by the action of osteoclasts. These 
areas appear more intensely stained, and in the case of toluidine blue, they are metachro-
matic for the content of glycosaminoglycans (. Fig. 3.3c). Scanning electron microscopy 
is more time- consuming but can provide more detailed information on pit shape, size 
and depth. Total pit area and volume are then quantified by light and by scanning elec-
tron microscopy, respectively, using a morphometric software. Alternatively, pits are clas-
sified in small (<10 μm diameter), medium (10–30 μm diameter) and large (>30 μm 
diameter), and their number is multiplied for a size score of 0.3 for small pits, 1 for 
medium pits and 3 for large pits. The sum of the three scores provides the final pit index 
that is proportional of the pit number and size [130]. Other methods make use of dentin/
bone sections pre-stained with calcium-binding fluorofores (calcein, alizarin red or inac-
tive fluorescent bisphosphonates). Fluorofores are removed during bone resorption, and 
in this case, the resorption pits appear as dark areas in a fluorescent background. They are 
then evaluated by fluorescence or confocal microscopy using the same parameters 
described above.

3.5  Conclusions

Osteoclasts are bone-resorbing cells that largely contribute to bone remodelling. Their 
deregulated activity impacts the bone health, and for this reason, they are considered 
important targets for therapy. Osteoclast biotechnology has largely furthered the knowl-
edge on their biology and added to the development of therapies to block their exacer-
bated activity (i.e. in osteoporosis, bone metastases) or, conversely, re-establish their 
impaired formation or resorption (i.e. osteopetrosis). More is expected in the years to 
come to broaden the impact of their therapeutic management in other pathological condi-
tions that currently have no cure.
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