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ABSTRACT

Osteoporosis is a skeletal disorder that affects millions of people
worldwide, and is characterized by the accelerated loss of bone mass. Current
anti-resorptive drug approaches such as bisphosphonates and salmon calcitonin
exhibit severe side effects and very low bioavailability, respectively. In this study,
we have designed, synthesized, and performed preliminary tests on a novel
conjugate that targets the RANK receptor on bone resorbing cells (osteoclasts) in
vitro with one arm, while delivering a specific effector molecule, calcitonin, to
osteoclasts with the other arm. First, we successfully generated osteoclasts from
precursor RAW 264.7 cells and confirmed that they were functional. We also
designed a resorption assay that can be used to test the efficacy of new and
existing anti-resorptive drugs. RAW 264.7 cells were then treated with an
antibody to RANK to prove that anti-RANK could be used as a targeting
mechanism. We then showed that delivery of calcitonin-loaded anti-Calcitonin
antibodies onto osteoclasts results in the association of calcitonin onto its
receptors on osteoclasts. Finally, we constructed a novel conjugate: calcitonin—
Streptavidin—anti-RANK, and showed that it can be used to introduce calcitonin

into an osteoclast-like microenvironment.
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CHAPTER 1

LITERATURE REVIEW



1.1 NATURE OF BONE

Bone is a living, metabolically active tissue that makes up the human
skeleton. It has several key functions in the human body in addition to providing
physical support. Bone also acts as a mineral reservoir and serves as a
protective environment for bone marrow (Graham et. al., 2006). The strength of
bone is determined by its structure as well as its material composition (Currey,
2002). In order to resist deformation, bone needs to be stiff so as to allow for
loading to take place on it. However, it must also be flexible in order to withstand
compression and tension by widening and narrowing respectively without actually
cracking. If bone is stiff and not flexible, it is brittle and therefore energy imposed
on it during loading will be released by structural failure. On the other hand, if
bone is too flexible and not stiff enough, it will deform beyond its capability and
eventually result in cracking. In addition to stiffness and flexibility, bone also
needs to be light in order to allow for easy movement. Bone is unique in that it

fulfills all of these seemingly contradictory features (Wainwright et al., 1982).

1.1.1 Composition of Bone
Bone tissue is composed of type 1 collagen that is hardened by calcium
hydroxyapatite crystals. As mentioned earlier, an increase in the mineral density
will increase the stiffness of bone tissue, but that will come at the expense of
flexibility. In the body, depending on the role of bone tissue in a particular area,
its mineral composition can vary. For example, auditory ossicles are required to
be very stiff in order to transmit sound. Therefore, they are highly mineralized

when compared to skeletal bone.



Organic Matrix of Bone - Osteoid
Collagen

As described by Viguet-Carrin et al. (2006), bone function can also be
influenced by the composition and extent of collagen cross-linking as this
determines how well bone can absorb energy. Collagens constitute a family of
proteins that are present in the extracellular matrix of connective tissues, and are
responsible for the maintenance of structural integrity. Collagen is composed of
three polypeptide chains called a—chains that form a triple-helix structure. In
animals, there are more than 27 different forms of collagen. Some of these types
of collagen (I, Il, Ill, V, and XIl) are arranged in fibrils, and are found in tissues
that have to be able to resist structural stresses like tensile, shear and
compression forces. Tendons, bone, cartilage, and skin are some tissues that
contain these collagen types. Of these, type | collagen is the most abundant
collagen in the body. It can be found extensively in almost all connective tissues,
except for hyaline cartilage. Type | collagen is the major protein in bone, skin,
tendon, ligaments, cornea, and blood vessels. It comprises about 95% of all
collagen in bone, and about 80% of the total proteins in bone (Niyibizi et al.,

1994).

Non-collagenous Proteins

As described in ‘Anatomy and Physiology of Bone’, the organic matrix
also contains a number of non-collagenous proteins such as osteocalcin,
osteonectin, proteoglycans, growth factors, and serum-derived proteins, among
others. Osteocalcin is the best characterized of these proteins, and is thought to
be chemotactic for a family of bone cells known as osteoclasts. Osteocalcin is

unique to the bone and composes about 15% of the non-collagenous proteins.
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Osteonectin is another well-characterized protein, and although it is not unique to
bone, it too composes about 15% of the non-collagenous bone protein content.
Osteonectin binds strongly function is thought to be in the initiation or moderation
of mineralization. Proteoglycans are very abundant in the cartilage matrix, but are
also present in the bone matrix. Another group of proteins present in the bone
matrix are the growth factors, which comprise insulin-like growth factor (IGF),
TGF-B, fibroblast growth factor (FGF), and several other bone morphogenic
proteins (BMPs). Some of these proteins are secreted by osteoblasts, which are
the bone forming cells. Serum-derived proteins like albumin and immunoglobulin

G (IgG) compose about 25% of the non-collagenous proteins in the bone.

Mineralization of Osteoid

The mineral content of bone is dominated by crystalline calcium
hydroxyapatite (Caig [PO4e [OH]). In addition to this crystalline calcium
phosphate salt, there is also some amorphous calcium present in bone, and this
is probably the source of exchangeable calcium when rapid adjustments are
needed in the extracellular fluid. In addition to calcium and phosphate, bone can
also adsorb sodium, magnesium, potassium, citrate, and carbonate ions. Also,
ions like fluoride can replace the OH in calcium hydroxyapatite, resulting in the
crystal becoming harder and less soluble. The calcium in the crystal can also be
replaced by other heavy metals like strontium, plutonium, lead, uranium, and

gold.

1.1.2 Structure of Bone
Bone is a unique tissue that is woven at submicroscopic, microscopic, and

macroscopic levels in order to be of optimal size, shape, and resistance to
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cracking (Yeni et al., 1997). Cortical bone, or compact bone, consists of
overlapping functional units called osteons. Osteons are the basic structures of
cortical bone, and are the remnants of a resorptive activity. Osteons are formed
when osteoclasts and osteoblasts, operating as what Frost (1986) described as a
Basic Multi-cellular Unit (BMU), burrow through bone in a direction that is aligned
with the long axis of the bone. As described by Parfitt (1994), the osteoclasts form
a ‘cutting cone’ at the front of the BMU, with the osteoblasts following behind
them. As the BMU moves through bone, a canal is created and subsequently
filled in with connective tissue, blood vessels, and nerves. In other words, the end
result of each new BMU is the formation of one new osteon or Haversian system.
At the boundary between the cylinder of new bone and the surrounding old bone
is a thin layer of cement substance that appears as a cement line when viewed in
cross-section. In cortical bone, osteons are parallel to one another much like a
wall made up of overlapping bricks (Seeman et al., 2006). The presence of a
large number of osteons per unit volume of bone helps limit the propagation of
cracks. This is because osteons obstruct the passage of cracks by forcing them
to navigate through a high number of osteons. The entry of cracks into an osteon
is blocked by the cement line that delimits each osteon, and by the concentric
lamellae of mineralized collagen fibers that are packed in various directions.
Also, as described by Nalla et al. (2004), any uncracked bone tissue that lies
within a crack forms a bridge that carries the load that would otherwise propagate
the crack forward. Therefore, as described by Qui et al. (2005), cracks are largely
confined to the older and more densely mineralized bone that lies in between
osteons. While the formation of micro-cracks is undesirable, they are usually
formed as a last ditch effort to dissipate energy. The alternative to the formation
of these micro-cracks is the release of energy via a fracture (Currey, 2002). The
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repair of these cracks is carried out by a cycle of bone resorption followed by

bone formation, known simply as bone remodeling.

1.1.3 Bone Modeling and Remodeling

As described by Currey (2002), the material composition of bone is
crucial towards determining what loads it can tolerate. Conversely, the loads on
bone determine its structure and material composition. The adaptation of the
material composition and structure of bone to the prevailing loads is carried out
by the cellular machinery of bone modeling and remodeling (Parfitt, 1996). In
other words, bone modeling and remodeling serve to strengthen the bone to
enable load bearing. As the terms suggest, bone formation deposits bone where
it is needed while bone resorption removes bone from where it is not needed.
During bone modeling, formation and resorption can occur independent of one
another — formation alone can take place in order to reinforce a certain area for
better load bearing, while resorption alone can take place alone in order to
excavate a bone marrow cavity on the inside of bone during growth. Bone
remodeling, on the other hand, does not result in a net gain or loss of bone. In
bone remodeling, the volume of bone that is resorbed is replaced by an equal
volume of new bone. At any moment in time, remodeling may be taking place at
focally discrete points on the endocortical, intracortical, and trabecular surfaces
all at the same time, with each location in a different stage of remodeling. This,
according to Martin and Seeman (2008), is evidence of local regulation of the
remodeling cycle. It is also important to note that the resorption phase lasts 2-3
weeks, while the formation phase lasts 2-3 months. Adaptation of the structure of
bone to loading is essentially done to minimize stress and avoid damage —
especially during growth. However, when damage inevitably occurs within the
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mineralized matrix due to fatigue loading or injury, the process of locating,
recognizing, and initiating the repair of any damage in the bone is the
responsibility of osteocytes. Osteocytes are osteoblasts that have become
embedded in lacunae of the bone matrix that they have synthesized. Following
entrapment in the bone matrix (also known as osteoid), these osteoblasts
undergo a morphological change and become osteocytes with cytoplasmic
processes (canaliculi) that link them to lining cells as well as other osteocytes
(Han et al., 2004). Upon the inevitable formation of micro-cracks, it is believed
that signals are sent out from the site of damage via the damaged matrix and
damaged osteocytic processes to the osteoblasts that are either found lining the
bone surface adjacent to marrow (in the case of cortical and trabecular bone) or
adjacent to a haversian canal on the intracortical surface. The result is the
formation of a bone-remodeling compartment (BRC) beneath the flattened
osteoblast lining cells near the damage so that osteoclast and osteoblast
precursor cells can be recruited to the site (Martin and Seeman, 2008).

When the very fine balance between bone resorption and bone formation

is disturbed, it can lead to degenerative bone diseases like osteoporosis.

1.2 OSTEOPOROSIS

Osteoporosis (OP) is a disease that is characterized by the loss of bone
mass and deterioration of bone tissue, resulting in bone fragility and increased
susceptibility to fractures. In Canada alone, approximately 2 million people suffer
from osteoporosis (Osteoporosis Canada, 2009). In the United States, this
number of patients suffering from osteoporosis sits at approximately 8 million,
and a further 34 million over the age of 50 suffer from low bone mass
(osteopenia) that leaves them at risk of developing osteoporosis (US Dept. of
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Health and Human Services, 2004). In addition to affecting the quality of life,
osteoporosis results in healthcare costs in the region of CAD 1.3 billion per year
in Canada (Osteoporosis Canada, 2009) and USD 17 billion per year in the US
(Burge et al., 2007). Numerous studies have shown that OP does not affect
everyone to the same degree. For example, the National Osteoporosis
Foundation in 2002 reported that of the estimated 44 million Americans suffering

from low bone mass, 80% are women.

1.2.1 Diagnosis

Osteoporosis can be diagnosed clinically, radiographically, or by
measurements of bone density. Clinically, the disease can present itself with low-
impact fractures, or fragility fractures (Mauck and Clarke, 2006), but OP is most
commonly diagnosed by measuring bone density using Dual Energy X-ray
Absorptiometry (DEXA). DEXA works by passing a beam of x-ray photons
through the bone region of interest to determine its density (Inzerillo and Zaidi,
2002), and an osteoporosis diagnosis can be made when a DEXA scan of the
total hip, femoral neck, or lumbar spin has a T-score of -2.5 or less (U.S.
Preventative Task Force, 2002; World Health Organization, 2003). This criterion,
as described by Riggs and Wahmer (1988), identifies approximately 30% of
postmenopausal women as having OP. An interesting alternative to DEXA is the
use of quantitative computed tomography. qCT is used to assess bone mineral
density (BMD), and according to Inzerilla and Zaidi (2002), is the only method
that allows for volumetric bone density measurement. However, qCT is very
expensive and is limited by radiation exposure. DEXA, as stated by Kanis et al.
(1994) is preferred over qCT in terms of accuracy, precision, radiation exposure
and quality control in a clinical setting (Kanis et al., 1994). The advances in bone
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density measurement include techniques such as lateral vertebral assessment
(LVA) using DEXA, as well as techniques like magnetic resonance imaging (MRI)
and microcomputed tomography (uCT). These newer techniques measure actual
bone morphology as a measure of bone ‘quality’ in contrast to DEXA, which only
provides quantitative information about the bone density (Inzerillo and Zaidi,
2002). Biochemical markers of bone turnover in serum or urine are currently not
recommended for diagnosis of osteoporosis (World Health Organization, 2003;
Agency for Healthcare Research and Quality, 2001). The US Preventative Task
Force in 2002 recommended bone density testing for all women over the age of
65 years, and for women between 60 and 64 that are at high risk of OP. For men,
the USPTF reccomends bone density testing those with the following conditions:
history of non-traumatic fracture, radiographic evidence of osteopenia, chronic
glucocorticoid use, hypogonadism, and hyperthyroidism. In 2003 (The Writing
Group for ISCD Position Development Conference) and 2005 (Binkley et al.), the
International Society for Clinical Densitometry (ISCD) reccomends bone density

testing for all men over the age of 70.

1.2.2 Cause and Progression

The peak bone density in both men and women is achieved in the early
part of life - usually in the early 20s (Campion and Maricic, 2003). Studies have
shown that even though the peak densities in men and women are very similar,
men have 10-12% greater peak bone mass and greater bone size. Campion and
Maricic (2003) state that the bone loss usually begins when men and women are
about 50 years of age, and this is due to an increase in osteoclast-mediated
bone resorption, increased cortical porosity, and endocortical thinning. This

excess bone loss is not nullified by increased bone formation, and as a result
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there is a net loss of bone. The reason for higher rates of OP in women is
because the changes in bone coincide with the onset of menopause and
estrogen deficiency. Estrogen-deficient bone loss initially occurs at a much
higher rate than other age-related factors involved in bone loss, and so bone loss
and the onset of OP is accelerated among post-menopausal women in
comparison to men. A study by Sigurdsson et al. (2006) found that when they
compared the extent of bone loss in men and women of the same age group, the
women had a 2 to 5 times greater loss of bone mass resulting in a 2-fold
decrease in bone strength when compared to men of the same age. In both men
and women, the two most important independent risk factors for initial vertebral
and non-vertebral fractures are age and low BMD (van der Kilift et al., 2005). Low
body mass index (BMI) and body weight are associated with low BMD and
increased fracture risk in post-menopausal women as well as in men. According
to van der Klift et al. (2005) BMI has been shown to be a good surrogate marker
for BMD and may in fact be a good indicator of low bone mass. Studies by Lim et
al. (2004) have found that age-related changes in body composition also have
gender-specific impacts on BMD. For instance, the age, weight, BMI, lean body
mass (LBM) and fat mass (FM) in men was significantly correlated with their
BMD. In women, weight, BMI, LBM, FM, years since menopause, number of
deliveries, and number of children breastfed all significantly correlated with BMD.
Goderie-Plomp et al. (2004) found that low serum estradiol levels in post-
menopausal women was associated with both low BMD and with an increased
risk of vertebral fracture that is independent of BMD. Men with low testosterone
were not found to correlate with low BMD or incidence of vertebral fracture

(Campion and Maricic, 2003; Goderie-Plomp et al., 2004). The World Health
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Organization in 2003 suggested that low estradiol levels in men correlated more

strongly to a decrease in BMD than low testosterone levels in women.

1.3 BONE RESORPTION

As described by Martin and Seeman (2008), the sequential functions
involved in bone remodeling are most likely regulated by cellular and molecular
events that are multidirectional. Remodeling is very tightly regulated by systemic,
central, and local factors that provide signals to and within the multicellular unit
that is comprised primarily of osteoclasts and osteoblasts. The other cells
involved in the multicellular unit are osteocytes and immune cells. As mentioned
earlier, micro-crack formation results in the damaging of osteocytic processes in
their canaliculi. This, according to Hazenberg et al. (2006), results in the
apoptosis of osteocytes, eventually resulting in the formation of a bone-
remodeling compartment (BRC). As described by Taylor (1997) and Verbogt et
al. (2000), the number of apoptosed osteocytes can provide the topographical
information needed to identify the location and size of damage. Therefore,
osteocytes apoptosis is very likely to be one of the first events signaling the need
for remodeling, and even precedes osteoclastogenesis (Clark, et al., 2005). In
vivo, osteocyte apoptosis takes places within 3 days of immobilization and is

followed by osteoclastogenesis within 2 weeks (Aguirre, et al., 2006).

Osteoblast Recruitment

While bone resorption by osteoclasts precedes bone formation by
osteoblasts, the recruitment of osteoblasts progenitors may in fact precede the
recruitment of osteoclasts progenitors. The reason for this is that osteoblasts

have a membrane bound protein, Receptor activator of NFkB Ligand (RANKL),
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that is required by osteoclast precursors to differentiate into bone resorbing cells
(Chambers, 1982). Therefore, osteoblasts must be present at the site of
resorption in order for osteoclasts to form and subsequently resorb bone.
Osteoblasts may arise from one of several sources. They can arise from
mesenchymal precursors in bone marrow, from mesenchymal cells in the
endosteal canopy of the bone-remodeling compartment (BRC), or from

circulation (Hauge et al., 2001; Parfitt 2001).

Osteoclast Formation and Recruitment

As described by Vaananen and Laitala-Leinonen (2008), it is now well
established that osteoclasts are members of the monocytic macrophage lineage
and are formed via cellular fusions from their mononuclear precursors. This was
first described by Walker (1973) when they found that circulating blood in
parabiotic animals contained cells that were capable of forming resorbing
osteoclasts in osteopetrotic (excess bone formation) animals. Later in vitro
studies such as those conducted by Burger et al. in 1982 suggested that
osteoclasts were derived from macrophage precursors of colony-forming unit-
macrophage (CFU-M) lineage. Osteoclasts therefore share a common
hematopoietic origin with antigen-presenting dendritic cells and other tissue
macrophages such as alveolar macrophages. Vaananen and Laitala-Leinonen
(2008) also pointed out in their review that it is not yet known whether all
circulating monocytes are capable of differentiating towards the osteoclast
lineage, or if it is a unique feature of a subset of monocytes. It is known,
however, that all monocytes can be triggered to differentiate towards the
osteoclast lineage by the ligand of receptor activator of nuclear factor-KB
(RANKL) and macrophage-colony stimulating factor (MCSF). The details
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regarding the triggering of osteoclast formation by RANKL and MCSF will be

discussed in detail in the next section.

1.3.1 OSTEOCLAST BIOLOGY

1.3.1.1 Triggering of Osteoclastogenesis

As established by Lacey et al. (1998) and Yoshida et al. (1998), two
cytokines that are essential and sufficient to induce osteoclastogenesis and to
regulate osteoclast activity are the macrophage colony-stimulating factor (M-
CSF) and the receptor activator of nuclear factor B ligand (RANKL). M-CSF and
RANKL are both secreted by/present on bone marrow stromal cells and
osteoblasts (Destaing et al., 2003). M-CSF induces the expression of RANKL’s
receptor, Receptor activator of NFkB (RANK), in osteoclast precursors thus
priming these cells to differentiate into osteoclasts in the presence of RANKL.
The deletion of either one of M-CSF, RANK, or RANKL results in the inhibition of
osteoclastogenesis thus leading to osteopetrosis in mice (Suda et al., 1992;
Teitelbaum, 2000). We will now discuss in detail the roles that M-CSF, RANK,

and RANKL play in osteoclastogenesis.

1.3.1.1.1 Macrophage Colony Stimulating Factor (M-CSF)

Macrophage Colony Stimulating Factor, abbreviated as M-CSF or CSF-1,
is found at biologically active concentrations in the circulation and regulates the
survival, proliferation, and differentiation of mononuclear phagocytes from
undifferentiated precursors into fully differentiated macrophages. The first

indication of the involvement of M-CSF in bone physiology came in 1990, when
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Wiktor-Jedrzecjak et al. and Yoshida et al found that osteopetrotic mice (op/op)
were deficient in M-CSF and lacked functional osteoclasts. This suggested that
M-CSF played a critical role in the formation of osteoclasts, and therefore had a
major influence on bone resorption. Felix et al. (1990) then demonstrated a 15-
day regimen of daily M-CSF injections reversed the osteopetrotic phenotype. Dai
et al. (2002) further confirmed that M-CSF deficiency was the cause of the
osteopetrosis when they were able to replicate the phenotype by knocking out

the M-CSF receptor c-fms.

M-CSF / c-fms Signaling Pathway

Activation of c-fms by M-CSF promotes the proliferation and survival of
cells of the monocytic lineage, including osteoclasts and osteoclast precursors. In
addition, M-CSF is essential for the expression of the receptor activator of NF«xB
(RANK), which upon binding to its ligand RANKL, results in osteoclastogenesis
(Arai et al., 1999). M-CSF signaling also induces cytoskeletal reorganization, cell
spreading, and increased motility of mature osteoclasts (Fuller et al., 1993;
Insogna et al., 1997a; Insogna et al., 1997b). The autophosphorylation of
tyrosine residues on c-fms following its interaction with M-CSF results in the
creation of binding sites for several phosphotyrosine-binding proteins such as the
Src family kinases (SFK), c-Cbl, phosphoinositide 3-kinase (PI3K), and Grb2
(Faccio et al., 2007). The role of the SFKs like c-src in osteoclasts has been
proposed to be in the formation of membrane ruffles and cell motility (Insogna et
al., 1997a; Faccio et al., 2003). Faccio et al. confirmed this in 2007 when they
found that the deletion of the tyrosine residue responsible for SFKs binding
resulted in the complete loss of these features. In contrast to other studies,

Faccio et al (2007) found that direct binding of PI3K to its tyrosine phosphate
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residues on c-fms is not essential for signaling to the cytoskeleton. Another
protein, c-Cbl, is known to be a regulator of podosome assembly/disassembly
and membrane ruffling in macrophages, and for migration of macrophages as
well as osteoclasts (Caveggio et al., 2003; Chiusaroli et al., 2003).

Faccio et al. (2007) suggested that PI3K could be in fact be indirectly
recruited to a signaling complex formed at the SFK-binding Tyr-559 residue on c-
fms. The authors also found that SFKs do not associate directly with PI3K
because the deletion of c-Cbl resulted in there being no interaction between SFK
and PI3K. Therefore, they proposed a scenario wherein first there is an
interaction between SFKs and c-Cbl, and then c-Cbl and PI3K, eventually
resulting in the formation of a SFK-c-Cbl-PI3K complex. Faccio et al. (2007) went
on to propose that for successful cytoskeletal signaling by this complex requires
the small GTPase Rac, which is activated by the phosphorylated guanosine
exchange factor Vav3, which in turn is activated by M-CSF occupation (Faccio et
al., 2003). As described by Meng and Lowell in 1998, many osteoclast-regulating
pathways including integrin signaling and NF«B translocation are in downstream
reactions mediated or modulated by c-src and c-Cbl. This interaction between M-

CSF and integrins are described below.

M-CSF and Integrins

Integrins are molecules that mediate cell/matrix recognition, and are
generally o/p heterodimers that consist of long extracellular and relatively short
intracellular domains. These domains function to attach cells to extracellular
matrices, and also help transmit matrix-derived signals to the cells. McHugh et al.

(2000) found that the av family of integrins is differentially expressed by
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osteoclasts during their maturation. They also found that two members, namely
avB3 and avp5, are functional in these cells. In marrow macrophages that have
been exposed to just M-CSF, the predominant integrin seen is avp5, and not
avp3 (McHugh et al., 2000). Upon exposure to RANKL, the avp5 disappears to
be replaced by avp3 (Inoue et al., 1998). The importance of avp3 integrin was
demonstrated by studies that showed that while avp5 deficiency accelerated
bone loss in estrogenopryvic animals (Lane et al., 2005), oophorectomized
animals that lacked avp3 were actually protected from bone loss (Zhao et al.,
2005). The av family of integrins recognizes the amino acid motif Arg-Gly-Asp
(RGD), which is present on a number of bone matrix proteins such as
osteopontin and bone sialoprotein. The presence of these ligands activates the
integrin by changing its conformation (Takagi et al., 2002) by a process known as
outside-in signaling. This form of signaling induces a number of intracellular
events, with one of the most important ones being the organization of the actin
cytoskeleton. avp3 integrin is also modulated by an inside-out mechanism that is
stimulated by intracellular events such as M-CSF binding its receptor, c-fms
(Faccio et al., 2003). The collaborative relationship that avp3 and c-fms share is
illustrated by the capacity of a high dose of M-CSF to rescue retarded
osteoclastogenesis that occurs upon deleting a B3 integrin subunit (Faccio et al.,
2003). As described by the authors, although the exposure of avp3-deficient
osteoclasts to high-doses of M-CSF rescues osteoclastogenesis and cytoskeletal
organization, the main role of avp3 integrin is to aid the cell in the resorption of
bone. Engelman et al. (1997) found that avp3 inhibitors (competitive ligands) in
fact arrest bone resorption, suggesting that avB3 is the principal integrin
expressed by osteoclasts. In order to study this further, McHugh et al. (2000)
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deleted the B3 integrin subunit in mice. They found that mice lacking avp3
integrin generated osteoclasts that were incapable of optimal resorptive activity
as their ruffled membranes and actin rings were abnormal in vivo. Studies by
Faccio et al. (2003) have also shown that M-CSF and avf3 collaboratively induce
cytoskeletal organization by converting Rho family proteins, RhoA and Rac, from
their inactive GDP-bound state to their active GTP-bound states. According to
the authors, this observation suggests that molecules that regulate Rho family
GTPases may in fact mediate integrin activation. As described by Faccio et al.
(2005), a Rac-specific guanine nucleotide exchange factor (GEF) called Vav3 is
essential for organizing the cell’'s cytoskeleton and therefore for its resorptive
activity. Consequently, the authors found that Vav3-deficient osteoclasts fail to

activate Rac in response to M-CSF or avf3 occupancy.

M-CSF Interaction with Integrins and ITAMs

It has been shown that avp3, upon activation, recruits the tyrosine kinase
Syk to their cytoplasmic domains, where it is phosphorylated by c-src. Syk is in
turn is a crucial upstream regulator of Vav3. These events, as described by Koga
et al. (2004), occur in the context of ITAM (immunoreceptor tyrosine-based
activation motif) proteins DAP12 (DNAX-activating protein 12) and FcTy (Fc
receptor common vy subunit), which when deleted result in the arrest of terminal
osteoclastogenesis due to failed expression of the crucial transcription factor
NFATc1.

As described by Faccio et al. (2003) as well as Teitelbaum and Ross
(2005), c-fms and integrin avB3 both organize the osteoclast cytoskeleton in a

collaborative manner that involves the sharing of some effector molecules that
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are common to both. Therefore, Zou et al. (2008) conducted studies to see if M-
CSF, like integrin avB3, mediated cytoskeletal organization via DAP12. Similar to
integrin occupancy, M-CSF also regulates the cytoskeleton by using SFKs like c-
Src, which phosphorylate ITAM motifs in other cell types. They also made sure to
use avp3 — deficient osteoclasts in order to prove that avp3 did not couple c-fms
to DAP12 in any way. The results showed that c-fms activation did in fact
phosphorylate DAP12 in a c-src-dependent manner, and also resulted in the
downstream phosphorylation of Syk. Syk then mediates the cytoskeletal
organization and actin-ring formation that occurs following M-CSF binding to its

receptor, resulting in bone resorption (Zou et al., 2008).

M-CSF and Osteoclast Survival

M-CSF also plays a role in regulating osteoclast survival by preventing
apoptosis. Apoptosis is a genetically programmed form of cell death that can be
triggered by a number of pathological and physiological stimuli. M-CSF signaling
triggers PI3K and the anti-apoptotic Akt kinase in osteoclasts. Akt activity, as
described by Datta et al. (1999) and Kelley et al. (1999), is necessary for cell
survival. Akt has been shown to target the apoptotic machinery by
phosphorylating downstream pro-apoptotic molecules such as BAD, caspase-9,
glycogen-synthase kinase and forkhead family members, thus preventing
apoptosis of osteoclasts. Another interesting layer in the control of osteoclast
apoptosis involves the mammalian target of rapamycin (mTOR), which is a
serine/threonine kinase that plays a crucial role in the control of protein
translation. mTOR and p70 ribosomal protein S6 kinase (S6K) are regulated via

PI3K effectors, including Akt and phosphoinositide-dependent kinase 1 (PDK-1)
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(Inoki et al., 2002; Potter, C.J. et al., 2002; Tee et al., 2002; Alessi et al., 1998).
Studies conducted by Glantschnig et al. in 2003 found that the anti-apoptotic
pathway involving mTOR/S6K is commonly engaged by M-CSF, TNFa and
RANKL, and noted that inhibition of mTOR resulted in osteoclast apoptosis and
suppression of bone resorption in vitro, suggesting that mTOR control of protein

translation can be rate limiting in the control of an osteoclast’s lifespan.

1.3.1.1.2 Receptor Activator of Nuclear Factor kB (RANK)

The receptor activator of nuclear factor kB (RANK) belongs to the tumor
necrosis factor receptor (TNFR) superfamily and is expressed on osteoclasts and
their precursors, hematopoietic precursors, dendritic cells, and mammary
epithelial precursors. RANK is also known as TNFRSF11a, OFE, ODFR,
TRANCE-R, ODAR, and CD265, and was first cloned from a bone marrow
derived myeloid dendritic cell (DC) cDNA library enhancing DC survival
(Anderson et al., 1997). RANK cDNA in humans and mice encodes type |
transmembrane glycoproteins consisting of 616 (~80kDa) and 625 (~60kDa)
amino acids respectively. In humans, the transmembrane glycoprotein consists
of 29 amino acid signal peptides while the mouse transmembrane glycoprotein is
comprised of 30 amino acids. Human and mouse RANK cDNA comprises an
extracellular domain of 183 and 185 amino acids respecitively, as well as a
transmembrane domain of 21 and 20 amino acids and a large cytoplasmic
membrane of 383 and 391 amino acids respectively. TNFR superfamily receptors
such as FAS, TNFR1 and TNFR2 all generally assemble into trimeric complexes
on the cell surface prior to ligand binding, and so it has been suggested that

trimerization of RANK is a prerequisite for the binding and signal transmission of
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its ligand (RANKL) (Chan et al., 2000; Siegel et al., 2000; Chan et al., 2000;
Locksley et al., 2001). RANK can be detected on the surface of dendritic cells
(Anderson et al., 1997; Wong et al., 1997; Williamson et al., 2002), CD4+ and
CD8+ T-cells (Josien et al., 1999), and on mammary epithelial cells where

expression is regulated throughout the course of pregnancy (Fata et al., 2000).

1.3.1.1.3 Receptor Activator of Nuclear Factor kB Ligand (RANKL)

Receptor activator of nuclear factor kB ligand (RANKL) is a member of the
TNF family, and is the ligand for RANK. RANKL was cloned based on its strong
up-regulation in T-cells following antigen receptor stimulation and was shown to
supplement the ability of dendritic cells to stimulate naive T-cell proliferation
(Anderson et al., 1997; Wong et al., 1997). As described by Leibbrandt and
Penninger (2008), the RANKL gene codes for a type Il transmembrane protein
that contains a membrane-anchoring domain, a connecting stalk, and a receptor-
binding ectodomain. Human and mouse RANKL consist of 317 and 316 amino
acids respectively, and are very similar. As is the case with all other members of
the TNF family of cytokines, the crystal structure of the extracellular biologically
active domain of murine RANKL revealed that the protein self-assembled itself
into non-covalently associated trimers (Lam et al., 2001; Ito et al., 2002). RANKL
mRNA shows high levels of expression in skeletal tissues, primary and
secondary lymphoid tissues, keratinocytes of the skin, mammary gland epithelial
cells, the heart, skeletal muscle, the lungs, the stomach, placenta, the thyroid
gland, and even the brain (Anderson et al., 1997; Lacey et al., 1998; Yasuda et
al., 1998; Wong et al., 1997; Kartsogiannis et al., 1999; Fata et al., 2000; Loser
et al., 2006). In addition to the ~40 kDa membrane-bound form, RANKL can also
exist as a soluble ~31 kDa protein that is derived either through proteolytic
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cleavage or through alternative splicing. The analysis of the RANKL gene by
Ikeda et al. (2003) revealed the presence of two alternative transcripts. One
encoded a membrane-bound isoform comprising of 287 amino acids with a short
intracellular domain while the other coded for a soluble protein made up of 199
amino acids and lacking both the transmembrane and intracellular domains of
the canonical RANKL. Studies into the efficacy of membrane-bound RANKL
versus soluble RANKL when it comes to osteoclastogenesis have yielded
contradictory results. One study found that murine models of cancer showed
increased MMP-7 expression by osteoclasts at the tumor-bone surface, and this
leads to the conversion of membrane-bound RANKL into soluble RANKL thereby
promoting osteoclast activation and subsequently bone resorption (Lynch et al.,
2005). Meanwhile, another study by Hikita et al. (2006) suggests that membrane-
bound RANKL induces osteoclastogenesis more efficiently than soluble RANKL.
They also suggested that MMP-14 mediates the ectodomain shedding of
RANKL, and that this negatively affects osteoclastogenesis. They supported this
observation by the osteoporotic phenotype of MMP-14-deficient mice, a condition
that the authors attribute to the increased osteoclast numbers due to the increase
in membrane-bound RANKL. To echo the thoughts of Leibbrandt and Penninger
(2008), the effect of membrane-bound and soluble RANKL on
osteoclastogenesis needs to be studied in more detail in order to gain a better

understanding of the subject.

1.3.1.1.4 Osteoprotegerin (OPG)

Osteoprotegerin (OPG) was the first to be discovered in the trio of RANKL,
RANK, and OPG. The discovery was made by two different groups, almost

simultaneously, based on its ability to inhibit osteoclast development in vitro and
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in vivo (Tsuda et al., 1997; Simonet et al., 1997). OPG, like RANK, is a member
of the TNF receptor superfamily. However, unlike the other members of this
family of receptors, it lacks a transmembrane domain. This suggests that OPG is
secreted from the cell as a soluble protein. Human and mouse OPG are about
85% identical, and it is a glycoprotein that is first synthesized as a protein
precursor consisting of 301 amino acids before it is processed to the mature form
which consists of 280 amino acids. The loss of amino acids is as a result of the
cleaving of the 21-amino acid signal peptide. The monomeric form of OPG
(~55kDa) is converted to the predominant extracellular form of OPG is that of a
disulfide-linked homodimer (~110 kDa) that is found in the brain, liver, lungs,
heart, kidneys, skeletal muscle, skin, intestines, calvaria, stomach, testes, and
placenta (Yasuda et al., 1998; Tsuda et al., 1997; Simonet et al., 1997; Tan et

al., 1997; Kwon et al., 1998).

The RANKL/RANK/OPG Axis

The first molecule identified in the RANKL-RANK-OPG axis was OPG,
and it was initially cloned as it was seen to be a potential inhibitor of
osteoclastogenesis (Tsuda et al., 1997; Simonet et al., 1997). Studies found that
transgenic mice that over-expressed OPG and mice that were treated with OPG
both showed increases in their bone density (Simonet et al., 1997). Subsequent
studies found that the targeted deletion of OPG in mice resulted in early-onset
osteoporosis. In addition to cementing the idea that OPG was a critical
component in the maintenance of bone strength, these studies also suggested
that OPG might be accomplishing this by neutralizing a TNF-related factor that
stimulated osteoclast development (Leibbrandt and Penninger, 2008).

Subsequent studies found that RANKL was a stimulator of osteoclastogenesis
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and that it binds specifically to OPG, resulting in the inhibition of RANKL'’s ability
to promote osteoclastogenesis. Hence, RANKL was identified as a novel factor
involved in osteoclast development and function. Evidence from a landmark
study found that the targeted deletion of RANKL in mice resulted in their
development of osteopetrosis (Kong et al., 1999). Similar results were seen when
the receptor RANK was deleted in mice (Dougall et al., 1999; Li et al., 2000),
hence establishing the crucial role of the RANKL-RANK interaction in the
enhancement of osteoclastogenesis and the role of the decoy receptor OPG as a
counter-balance. As described by Leibbrandt and Penninger (2008) essentially
all factors that inhibit of enhance bone resorption by osteoclasts also influence
the levels of RANKL and OPG mRNA or proteins. As a result, the authors have
concluded that the RANKL-RANK-OPG axis is at the heart of the process of

osteoclast-mediated bone remodeling.

Since these landmark discoveries, the RANKL-RANK-OPG axis has been
implicated in several human bone diseases. For instance, studies have found
that patients suffering from the metabolic bone disease expansile skeletal
hyperphosphatasia have an insertion in exon 1 of RANK, a mutation that has
been mapped as the cause of the disease (Whyte et al., 2000; Whyte and
Hughes, 2002). Also, mutations affecting the ligand-binding domain of OPG have
been found in patients suffering from juvenile Paget disease, which is an
autosomal recessive osteopathy characterized by osteopenia (Whyte and

Hughes, 2002; Cundy et al., 2002; Chong et al., 2003).
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RANKL-RANK Signaling Pathway

When discussing the RANKL-RANK signaling pathway, it is important to
keep in mind the fact that the expression patterns of both the ligand and the
receptor are broad and as a result their functions are pleiotropic in nature. As a
result, there is a lot of crosstalk with other receptor/ligand systems in different
cells. Members of the TNF-receptor superfamily, such as RANK, do not possess
any kinase activity. As a result, they recruit associated factors in order to achieve
signal transduction and these factors are known as TNFR-associated factors
(TRAFs). As described by Inoue et al. (2000), TRAFs mediate ligand-induced
signal transduction by binding various regions within the cytoplasmic tail of TNF
receptors. The cytoplasmic tail of RANK contains several TRAF binding sites that
cluster into several distinct domains. For example, the region spanning amino
acids 235-358 and amino acids 359-531 binds TRAF 6 and the region containing
amino acids 532-625 contain multiple binding sites for TRAFs 2, 5, and 6
(Darnay et al., 1998; Wong et al., 1998; Wong et al., 1999). These TRAF binding
domains mediate RANK-induced NF«xB and c-Jun NH2-terminal kinase (JNK)
activation. The deletion of the membrane-proximal TRAF6 binding domain results
in the inhibition of RANK-mediated NFxB signaling, but JNK activation remains
unaffected. This suggests that TRAF6 is essential for NFkB activation but not for
JNK activation (Darnay et al., 1998; Wong et al., 1998; Galibert et al., 1998; Lee
et al., 2000). The importance of TRAF6 as a downstream transducer of RANK

signaling was demonstrated by studies wherein Traf6 gene-deficient mice were
observed to exhibit phenotypes similar to RANKL™ and RANK”™ mice as a result

of the partial blockage of osteoclastogenesis and defective activation of mature

osteoclasts (Lomaga et al., 1999; Naito et al., 1999; Kobayashi et al., 2001;
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Kobayashi et al., 2003). In comparison to TRAF6, TRAF2 and TRAF5 play a very
minor role in osteoclastogenesis. In addition to the TRAFs, another adaptor
protein has been identified as being an important part of RANK/RANKL signaling.
Grb2 (or Gab2) has been found to associate with RANK and mediate RANK-
induced NF«xB, Akt, and JNK activation. Mice lacking Grb2 display an
osteopetrotic phenotype and decreased bone resorption due to defective

osteoclast differentiation (Wada et al., 2005).

As described above, RANKL-RANK signaling involves the activation of
the transcription factor NFxB. Leibbrandt and Penninger (2008) stated in their
publication that mammals express five NFxB proteins (also known as Rel
proteins) that belong to two classes. The first class consists of the proteins Rel A
(p65), c-Rel, and RelB. All of these are synthesized as mature products and do
not require any processing. Proteins of the second class, NFkB-1and NFkB-2,
are first synthesized as precursors p105 and p100 before being processed
proteolytically into mature p50 and p52 NFxB proteins respectively. For

osteoclast development, the expression of both NF«B proteins (p50 and p52) is
required. In 1997, Franzoso et al. and lotsova et al. found that p50'/' and p52'/'

mice develop osteopetrosis due to the lack of osteoclasts and defective
osteoclast differentiation, respectively, thus establishing the importance of the
two proteins. As described by Karin and Lin (2002) and Hayden and Ghosh
(2008), the p50 and p52 proteins are actually tied up in a cytoplasmic complex
with RelA or c-Rel through an association with 1kB inhibitor proteins. This
inhibitor protein degrades upon activation of the pathway by means of a specific

phosphorylation by activated kB kinase (IKK). The IKK complex consists of two
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highly homologous catalytic subunits IKKa. and IKK, and studies by Ruocco et
al. (2005) have suggested that it is IKKB that is essential for the activation of the
classical NFkB pathway that controls osteoclastogenesis in vivo. Leibbrandt and
Penninger (2008) also described another signaling pathway that is triggered by
the binding of RANKL to RANK: the mitogen-activated protein kinases (MAPK)
pathway. MAPKs belong to the Ser/Thr protein kinase family, and consist of
extracellular signal-regulated kinases (Erk1/2), p38-MAPKs (o/B/y/3), JNKs
(JNK1, 2, 3), and larger MAPKs (Erk5, 7, 8). Several MAPKs have been shown
to be activated downstream of RANK, and they help integrate RANK activation to

a cellular response.

The transcription factor NFATc1 (nuclear factor of activated T-cells 1) was
first identified while researchers were looking for factors that were specifically
induced by RANKL, but not by the cytokine IL-1, during osteoclastogenesis
(Takanayagi et al., 2002). The expression of NFATc1 has been shown to depend
on the NFxB and c-Fos pathways, and the ectopic expression of NFATc1 has
resulted in osteoclast differentiation in vitro. Members of the NFAT family also
require the presence of Ca*‘/calmodulin-dependent Ser/Thr phosphatase
calcineurin for their activation and nuclear translocation (Leibbrandt and
Penninger, 2008). Studies have found that both, the chelation of Ca®'ions in the
medium as well as the specific inhibition of calcineurin resulted in the blocking of
osteoclast differentiation even in the presence of RANKL in vitro. This suggests
that RANKL-mediated Ca*" levels are crucial for the proper differentiation of
osteoclasts, whereby NFATc1 is activated through the Ca®*'-dependent
calcineurin pathway (Takayanagi et al., 2002; Asagiri et al., 2005; Takayanagi,

2007).

26



Another important pathway that RANKL-RANK signaling is involved in is
the release of Ca* from intracellular stores by acting through the
phosphoinositide-related enzyme PLC (phosphoinositide-specific phospholipase
C). PLC is responsible for catalyzing the production of the second messenger
inositol (1,4,5) — triphosphate (IP3) and diacylglycerol (DAG) from Pl (4,5) P2.
The release of Ca** by RANKL results in the acceleration of the translocation of
NF«kB to the nucleus, thereby promoting osteoclast survival (Takayanagi et al.,
2002). Eventually, the increased levels of Ca®* result in the activation of NFATc1

via calcineurin. Inhibition of PLCy enzymatic activity has been shown to impair
osteoclast development and function, and PLCy2'/' mice display an osteopetrotic

phenotype. As described by Mao et al. (2006), PLCy2 is required for the
differential regulation of NFATc1, AP-1, and NF«xB. The activation of PLCy by
RANK has been shown to require the nonreceptor tyrosine kinase Syk and ITAM
(immunoreceptor tyrosine-based activation motif)-bearing molecules such as
DAP12 and FcRy, and the absence of DAP12 and FcRy in mice results in a
highly osteopetrotic phenotype. Studies by Takayanagi et al. (2002), Mao et al.
(2006), and Takayanagi et al. (2007) found that NFATc1 regulation was
dependent on RANKL-mediated phosphorylation of PLCy2 downstream of
DAP12/FcRy, and also that PLCy2 can associate with the regulatory adaptor

molecule Grb2 in osteoclasts and recruit it to RANK.

Besides the calcineurin-NFATc1 pathway, protein kinase C (PKC)
proteins are also activated by Ca2+ ions. Studies have linked mutations in the
PKC scaffolding protein p62 to Paget’s disease. Similar to TRAF6, p62 becomes

upregulated during RANKL-induced osteoclastogenesis and the inactivation of
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p62 results in impaired osteoclastogenesis as well as the inhibition of IKK

activation and NFkB nuclear translocation.

Crosstalk with Other Signaling Pathways

RANKL-RANK signaling is not restricted to osteoclasts and their
precursors, but is in fact seen on several other cell types. The result is crosstalk

between other signaling molecules, as discussed below.

Mammary glands

Studies have show that RANKL-RANK signaling controls the
development of lactating mammary glands in pregnancy, with the highest levels

being at day 15.5 in mice (Fata et al., 2000; Gonzalez-Suarez et al., 2007).

Lymph node development

Several studies that looked at transgenic Rankl” and Rank™ mice found
that there was a complete absence of lymph nodes (Dougall et al., 1999). This
lead to further studies involving patients with an osteoclast-poor form of the
autosomal recessive osteoporosis (ARO), where they found the cause of the
disease to be various mutations in RANKL (Sobacchi et al., 2007). The same
research then found that these patients showed no palpable signs of lymph
nodes, further strengthening the theory that RANKL-RANK signaling is involved

in lymph node formation in humans.
T-Cells
One important site of RANKL-RANK signaling is in activated T-cells,

where RANKL is induced upon antigen-receptor engagement. Studies by Kong et
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al. (1999) showed that activated CD4+ T-cells were indeed capable of inducing
osteoclastogenesis in a hematopoietic bone marrow precursor cell culture
system. Studies have since established the major role of activated T-cells in the
resorption of bone via the up-regulation of RANKL. For instance, knocking out
the cytotoxic T lymphocyte—associated protein 4 (Ctla4) in mice results in the
spontaneous activation of T-cells, and the mice display a severe osteoporotic
phenotype. This leads to the question: why do T-cells not cause extensive bone
loss every time they encounter foreign antigens? The answer is that T-cells have
been shown to also secrete a factor that negatively affects RANKL-RANK
signaling. This molecule has been identified as IFN-y, and it has been found to
promote the accelerated degradation of TRAF6 thus resulting in the inhibition of
RANKL-induced NFxB and JNK activation (Takayanagi et al., 2000). RANKL can
also induce IFN-B production in osteoclast precursor cells, and this factor has
been shown to inhibit osteoclast differentiation by disrupting the RANKL-
mediated expression of c-Fos. As described by Leibbrandt and Penninger
(2008), this suggests that an autoregulatory loop exists wherein RANKL-induced
c-Fos induces its own inhibitor IFN-B. This suggestion is supported by the fact
that IFN-B” mice exhibit enhanced osteoclastogenesis resulting in osteopenia

(Takayanagi et al., 2002).
Dendritic Cells

Dendritic cells (DCs) are cells that are programmed to capture and
process antigens in the body. Usually, DCs exist in an immature state that leaves
them unable to stimulate T-cells. Upon coming in contact with an antigen,

however, the DCs mature and carry the captured antigens to areas of the body
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that are rich in T-cells, such as secondary lymphoid organs. In this T-cell rich
area, DCs present the antigen to antigen-specific T-cells. The DCs and T-cells
then interact with B-cells to initiate adaptive immune responses (Banchereau and
Steinman, 1998). As described by Ingulli et al. (1997), antigen-bearing DCs are
in direct contact with naive T-cells in the lymph nodes and are eliminated soon as
they interact with the T-cells. The apoptosis of DCs is triggered by the activated
T-cells that produce TNF-related apoptosis-induced ligand (TRAIL), FasL, and
TNF-a.. While RANKL is not expressed on resting CD4+ or CD8+ T-cells, surface
RANKL is detected on these cells following their antigenic stimulation (Josien et

al., 1999).

1.3.1.2 Formation of a multinucleated osteoclast

Cell fusion is one of the most characteristic properties of osteoclasts and
is formed through the fusion of homotropic monocyte precursor cells (Ishii and
Saeki, 2008). The fusion of osteoclasts has been shown to be very important for
efficient bone resorption, but the absence of multinucleation does not completely
inhibit resorptive activity (Kukita et al., 2004; Yagi, et al., 2005; Baylies et al.,
1998). This is thought to be because the function of multinucleation is primarily to
increase the size of osteoclasts so as to enable them to resorb larger regions of
bone tisses in a given time (Ishii and Saeki, 2008). As described by Teitelbaum
and Ross (2003), this is important as osteoclasts can only resorb the area of
bone that is sealed off directly under them. Some of the factors involved in the

process of osteoclastogenic cell fusion are discussed below.
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MER/ SIRPa

Saginario et al. (1995) and Saginario et al. (1998) identified the
macrophage fusion receptor (MFR), also known as signal regulatory protein a
(SIRPa), as the first molecule that was deemed crucial for osteoclastogenic
fusion. MFR/SIRPa and its ligand, CD47, both belong to the immunoglobulin
superfamily (IgSF). While the expression of CD47 is ubiquitous, MFR/SIRPa. is
restricted to myeloid cels and neurons. Also, studies have found that the
expression of MFR/SIRPa is induced strongly (but transiently) on macrophage
lineage cells at the onset of cell fusion, while the expression of CD47 remains
constant. It is believed that CD47 initially binds to a form of MRF/SIRPa that has
a long extracellular domain, and then switches to binding to a smaller form of
MRF/SIRPa following recognition. It is thought that this switch results in bringing
the plasma membranes of the homotropic cells close enough for plasma
membrane fusion to take place (Vignery, 2005). Studies have suggested that the
MRF/SIRPa — CDA47 interaction is also involved in cell recognition before the
actual act of cell fusion, and that the MFR/SIRPoa— CD47 interaction is essential
for the survival of fused macrophages, and therefore essential for

osteoclastogenic cell fusion (Han et al., 2000).

DC-STAMP

Dendritic cell-specific transmembrane protein (DC-STAMP) has also been
shown to be very important for cell fusion during osteoclastogenesis, and is
present in dendritic cells and osteoclasts (Kukita et al., 2004) Studies have
shown that DC-STAMP-deficient osteoclast precursors are incapable of

undergoing cell fusion, even though they are capable of expressing other
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osteoclast-specific molecules such as cathepsin K (Yagi et al., 2005). Like MFR/
SIRPa, DC-STAMP is important only for cell fusion but not for osteoclastogenic
activity in general, and cells lacking DC-STAMP display greatly reduced

resorptive activity.

TM4SF CD9 Protein

CD9 is a member of the transmembrane-4 superfamily (TM4SF), or
‘tetraspanin’, protein family, whose members characterized by four
transmembrane domains and known to be involved in cell-cell fusions. CD9 has
been implicated in the regulation of cell motility and cell-cell fusion in several cell
types, including the fusion of muscle cells (Tachibana et al., 1999) and the
formation of myelinated axons (Ishibashi et al., 2004). While details of the
involvement of tetraspanins like CD9 are still very vague, studies have shown
that the functional blockage of CD9 by neutralizing antibodies results in the
inhibition of cell fusion. However, the forced expression of CD9 in monocyte-
lineage cells has been shown to result in spontaneous fusion without the
expression of osteoclast-specific molecules such as TRAP and cathepsin K. It
has therefore been suggested that CD9 may be a downstream molecule of the
RANKL signaling pathway (Ishii and Saeki, 2008). One hypothesis has RANKL
signaling resulting in the lipid-raft localization of CD9 from the non-rafter fraction,
followed by CD9 -mediated signal transduction in cis with other partner proteins
that results in the release of membrane fusion-stimulating signals such as Ca*

elevation (Ishii and Saeki, 2008).
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1.3.1.3 Osteoclast Attachment

In a prior chapter, we discussed the prevailing hypothesis regarding the
triggering of osteoclast recruitment following the formation of micro-cracks in
bone. Upon reaching the site of resorption, the attachment phase of the
resorption cycle begins. Osteoclast resorption requires that a strong attachment
be made between the cells and the bone surface. However, osteoclasts are
highly motile, and the molecular system controlling the dynamic osteoclast-matrix
interactions is believed to be an important determinant of the initiation of bone
resorption (Baron et al., 1993). Blavier and Delaissé (1995) were the first to
suggest that matrix metalloproteinases (MMPs) were critical to the access of
osteoclasts to their future sites of resorption after they found that MMP inhibitors
completely prevented the formation of the marrow cavity of primitive long bones.
In the presence of MMP inhibitors, osteoclasts were not recruited into the core of
the diaphysis and instead remained in the surrounding mesenchyme. The effect
of the MMP inhibitors on migration, and not resorption, was clarified by the fact
that strong inhibitors of resorption such as bisphosphonates and cathepsin K
inhibitors did not inhibit the migration of osteoclasts into the diaphysis. More
specifically, studies have shown that MMP-9 and MMP-14 deficiency slowed
down migration dramatically while MMP-12 deficiency did not affect the
recruitment of osteoclasts into the core of the diaphysis of primitive long bones
(Shipley et al., 1996; Engsig et al., 2000a; Engsig et al., 2000b).

After migration of an osteoclast to a site of resorption, a sealing zone is
formed under the osteoclast in order to seal the resorption site from its
surroundings. The sealing zone is formed by the tight attachment of the plasma

membrane of the osteoclast to the bone matrix (Vaananen and Horton, 1995).
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The osteoclast first organizes its cytoskeleton in such a way that podosomes are
gathered to form a circular structure in the plasma membrane facing the bone
matrix. These podosomes mediate the attachment of osteoclasts to the extra-
cellular bone matrix via avp3 integrin (Marchisio et al., 1988; Lakkakorpi et al.,
1991). The podosomes then start to disappear as F-actin begins to form a dense
ring-like structure near the osteoclast’'s bone-facing plasma membrane. Actin-
associated proteins like vinculin and talin are then arranged around the actin ring,
and subsequently the tight co-localization of F-actin and the avp3 integrin seen in
the podosomes disappears (Lakkakorpi et al., 1991). The role of avp3 integrin in
the formation of the sealing zone has been a topic of debate for a number of
years. According to Vaananen and Laitala-Leinonen (2008), light and electron
microscopic observations have suggested that avp3 integrin mediates the
attachment of podosomes to the matrix. However, they found that in the final
stages of the formation of the sealing zone by the dense actin ring, the avp3
integrin moved to the edges of the tight sealing zone. Comparing this finding to
that of Lakkakorpi and Vaananen (1991), it is suggested that some other integral
membrane protein interaction is formed to connect the cytoskeleton to the
extracellular matrix. Chabadel et al (2007) have since confirmed this observation.
They found that the cores of the podosomes are linked with CD44 and oavf3
remains associated with a ‘cloud’ of diffuse actin. These results suggest that
avB3 integrin is involved in the early arrangements of the cytoskeleton and
continues to be a very important signaling pathway between the extracellular
matrix and the cytoskeleton. As described by Duong et al. (1998), several other

proteins such as tyrosine kinase PYK-2 also become localized to podosomes,
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suggesting that the formation of the sealing zone appears to also be PYK-2
dependent (Lakkakorpi et al., 1999).

While we can summarize that avf3 integrin activation results in the
triggering of an intracellular signaling cascade resulting in the formation of
podosomes, it remains to be seen what type of intracellular vesicles mediate the
vesicular trafficking needed for the formation and maintenance of the sealing

zone in osteoclasts (Vaananen and Laitala-Leinonen, 2008).

1.3.1.3.1 Osteoclastic Bone Resorption

As described by Vaananen (2005), bone resorption involves the
dissolution of the crystalline calcium phosphate or hydroxyapatite followed by the
degradation of the fibrillar collagen in the extracellular resorption lacunae. These
processes require the secretion of a very large about of acid and proteolytic
enzymes in to the resorption lacunae, and also demand endocytosis and further
transcytosis of the degradation products from the lacunae.

The first step in this complicated cellular process is the formation of the
primary organ of resorption, the ruffled border membrane. When an osteoclast is
recruited to the site of resorption and is induced to resorb bone, a large number
of intracellular acidic vesicles are fused to the bone-facing plasma membrane
inside the actin ring (Palokangas et al., 1997). During this fusion of late
endosomal vesicles to the plasma membrane, much of the internal membrane is
transferred and forms long finger-like projections that penetrate the bone matrix.
These acidic vesicles are one source of the acid being released into the
resorption space to dissolve the hydroxyapatite crystals ([Cas(PO,),]sCa(OH),).
The process of the formation of the ruffled border membrane, according to (Zhao,

et al., 2001), is dependent on the function of the small GTP-binding protein rab?.
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This GTPase is known to regulate trafficking between the early and late
endosomes (Spang, 2004) in other cells. In osteoclasts, this GTPase is localized
at the ruffled border. Studies now show that rab 7 is restricted only to a certain
area of the ruffled border (Mulari, et al., 2003). This area corresponds to the
region of localization of vacuolar ATPase and co-localization of cathepsin K in
resorbing cells.

At the same time that the acidic vesicles are fused to the plasma
membrane, proton pumps are inserted into the ruffled border membrane so that
they can continually pump protons via the ATP-consuming proton pump called
vacuolar ATPase (V-ATPase) directly from the cytoplasm into the resorption
lacuna (Blair, et al., 1989; Tukkanen and Vaananen, 1986; Vaananen et al.,
1990). The secretion of protons is accompanied by the counter-movement of
chloride anions via a specific chloride channel, namely chloride channel 7- also
known as CIC-7 (Kornak, et al., 2001). V-ATPases are electrogenic proton
pumps that are present both in a number of various intracellular vesicles as well
as in the ruffled border of osteoclasts (Blair et al., 1989; Vaananen et al., 1990;
Becker and Gay, 1990). The membrane-bound V-ATPase is composed of at
least 5 different subunits, and the soluble catalytic complex contains at least 8
different subunits. In addition, each V-ATPase pump contains several copies of
each subunit, and two or more isoforms for each subunit have also been
described. These isoforms are very specific to certain cells and intracellular
compartments, and therefore there is very high cell and tissue specificity (Drory
and Nelson, 2006). The ion equilibrium in the cytoplasm is maintained by the
continuous production of protons and bicarbonate ions from carbonic anhydrase
Il. This is facilitated by CO, hydration and the exchange of bicarbonate ions with
chloride ions by an HCO;/CI' exchanger that is located at the basolateral

36



membrane. As result, the potential intracellular alkanity induced by the proton
transport is prevented (Schlesinger et al., 1997). In order to power the proton
pumps and vesicular trafficking, there needs to be a large number of
mitochondria so as to ensure high levels of ATP and GTP.

According to Vaananen (2008), it is not presently known which amongst
the two main methods of acidifying the resorptive space, namely: (a) the fusion of
pre-loaded acid vesicles and the release of their contents directly into the
resorptive lacuna, and (b) the insertion of acid secreting molecules in the ruffled
border that continuously secrete acid from the cytoplasm into the lacuna, are
quantitatively more important for acid secretion into the resorptive space. The
author goes on to discuss how these processes are difficult to study because
current technology does not allow for good separation of the two phenomena.

The acidity within the resorptive space dissolves the mineral phase,
exposing the collagen-rich organic matrix of the bone for the proteolytic enzymes
to do their job. Presently, the two main groups of enzymes thought to be
responsible for the extracellular degradation of the organic matrix are matrix
metalloproteinases (MMPs) and lysosomal cathepsins. There is very good
evidence that now suggests that the enzyme cathepsin K is a key ingredient
contributing to the degradation of bone matrix in the resorption lacuna. Cathepsin
K is expressed at very high levels in osteoclasts and as described by Everts et al.
(2006) and Troen (2006), is secreted into the resorption lacuna. Cathepsin K has
the unique ability to cleave the native triple helix of type | collagen at multiple
sites, resulting in the unwinding of the triple helix and thus making it readily
available for degradation by any proteinases that have gelatinolyic activity
(Delaissé et al., 2003). The deletion of the cathepsin K gene in mice leads to
osteopetrosis (Bossard et al., 1996; Saftig et al. 1998; Gowen et al., 1999) and
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mutations in human cathepsin K lead to pycnodysostosis (Gelb et al., 1996;
Johnson et al., 1996). Kiviranta et al. (2005) and Zenger et al. (2007) recently
confirmed that defective bone resorption in cathepsin K—deficient mice is partially
compensated for by enhanced osteoclastogenesis. Proteomic analysis of
lysosomal acid hydrolases secreted by RAW 264.7 cell derived osteoclasts
indicated that these cells secreted almost all known cathepsins, and while the
role of cathepsin K in bone resorption is well known, the same cannot be said
about the other cathepsins (Czupalla et al., 2006). As described by Vaananen
and Laitala-Leinonen (2008), osteoclasts are also very rich in acid phosphatases
such as tartrate resistant acid phosphatase (TRAP), which is used as a cellular
marker for osteoclasts. The serum levels of the osteoclast—specific TRAcP5b
correlates with resorption activity and this can be used as a clinical marker for
various resorptive conditions (Halleen et al., 2006). TRAP has two distinct
enzymatic activities: it functions as a phosphatase and it can also generate
reactive oxygen species (ROS) via the Fenton reaction (Vananen and Laitala-
Leinonen, 2008). Cathepsin K and TRAP are both localized together with bone
degradation products in the same transcytotic vesicles, and it is hypothesized
that it is here that cathepsin K activates TRAP by limited proteolytic cleavage
(Ljusberg et al., 2005; Vaanraniemi et al., 2004). The generation of ROS by
TRAP has been indicated in the degradation of collagen, and thus may have a
role in the final degradation of resorption products intracellularly (Halleen et al.,
2003). This is interesting, as TRAP is also found in dendritic cells, and so
Vananen and Laitala-Leinonen (2008) speculate that there may be a role for
TRAP in antigen processing and that its function in osteoclasts is more to reduce
any risk of autoimmunity against bone proteins than to have a functional role in
bone resorption.
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The role of matrix metalloproteinases (MMPs) in bone resorption, in
contrast to that of cathepsin K, is still being debated. As described by Delaissé et
al. (2003), MMPs are extracellular proteinases that are produced in the latent
form and their activation often occurs through activation cascades involving other
MMPs. MMPs have a catalytic domain as well as several other domains that
determine the specificity of each MMP towards substrates and regulators. There
are several MMPs that are expressed in bone but only some of them — including
MMP 9 and MMP 14, are produced by osteoclasts (Andersen et al., 2004;
Linsuwanont-Santiwong et al., 2006). Fuller et al. (2007) conducted a study that
showed only a minimal effect of MMP inhibitors on collagen degradation. Some
other MMPs that have been shown to solubilize collagen include interstitial
collagenases such as MMP-13 and MMP-14, gelatinases such as MMP-2 and
MMP-9, and other MMPs such as MMP-12. Several studies conducted by
Tezuka et al. (1994) and Sato et al. (1997) show that none of the MMPs of
osteoclastic origin were limiting for resorption, whereas MMP-13 proved to be
limiting for resorption. MMP-13 does not originate from osteoclasts, but from
osteocytes (Fuller and Chambers, 1995; Shimizu et al., 1990) or mononuclear

cells that surround osteoclasts (Fuller and Chambers, 1995).

Removal of degraded hydroxyapatite from Resorption Lacunae

The acid-driven dissolution of apatite crystals results in the release of a
very large quantity of calcium and phosphate from the solid mineral phase that
needs to be transported away from the site of resorption in order to ensure the
continuation of the resorption process. In addition to removing the products of
acid dissolution, there is also the need to remove collagen fragments that have
been generated by cathepsin K in the lacuna. Studies (Nakamura et al., 1995;
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Takeshita et al., 2002) have shown that degradation products are targeted to a
specific plasma membrane domain in the upper part of resorbing osteoclasts
known as the functional secretory domain (FSD). The degradation products are
endocytosed through the cell, and then finally secreted into the extracellular fluid
through the FSD. The transcytotic pathway finding is supported by studies that
found thick bundles of microtubules that originate from the ruffled border and
continue towards the FSD lend further support to the transcytotic pathway
(Hotozekaka et al.,, 2002; Mao et al., 2006). Also, Nakamura et al. (1995)
conducted an elegant study wherein they biotinylated the surface of bone slices
and then studied their subsequent liberation by osteoclastic resorption. They
followed the movement of these biotinylated proteins through the osteoclast
using fluorescence microscopy and found that the proteins were concentrated at
the basolateral membrane. In addition, their studies revealed that there was a
local loss of cortical F-actin in the areas of biotin accumulation — an observation
that is in line with results that show local disassembly of the cortical F-actin
network during exocytosis in mast cells, chromaffin cells, and pancreatic acinar
cells (Koffer et al., 1990; Vitale et al., 1991; Muallem et al., 1995).

There is also a release of bicarbonate ions from the breakdown of
hydroxyapatite. Bicarbonate would rapidly neutralize at low pH and thereby
prevent further demineralization if it is not removed. Laitala-Leinonen’s group
conducted studies that provided some insight into how excess bicarbonate is
removed from the resorption lacuna. They showed that the electroneutral
sodium-bicarbonate co-transporter NBCn1 is found extensively in the ruffled
border of resorbing osteoclasts, and that its proper function is to ensure normal
osteoclast function. Even if the buffering capacity of solubilized hydroxyapatite

could be overcome by the removal of excess bicarbonate, the resorption process
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would still not progress until the calcium and phosphate ions are removed from
the lacuna. According to Vaananen and Laitala-Leinonen (2008), this major flow
of ions is still very poorly understood and a very little studied phenomenon. They
suggest that in theory, there are at least three different mechanisms for calcium
and phosphate removal from the lacuna. These include transcytotic transport of
molecules in the membrane vesicles from the ruffled border to the functional
secretory domain of the osteoclast, the transient release of ions beneath the
sealing zone, and finally the transport of ions through the cell using
calcium/phosphate binding proteins and ion channels or pumps at the plasma
membrane.

Studies conducted by Yamaki et al. (2005) suggest that calcium is
transported in the same transcytotic vesicles that carry collagen and other matrix
protein fragments from the ruffled border to the functional secretory domain.
There has also been evidence suggesting that osteoclasts can efficiently
transport calcium from the lacuna via an intracellular pathway that utilizes
TRPV5, one of the most Ca®" selective transient receptor potential (TRP)
channels. Van der Eerden et al. (2005) found that deleting TRPvV5 resulted in the
abolition of osteoclast activity. Vaananen and Leitala-Leinonen (2008) suggest
that it is probably that both vesicle-mediate transcytosis and active transcellular
transport are needed in order to handle the large quantities of calcium in a short
period of time. There is currently no evidence of any mechanism by which
calcium and other soluble substances are released beneath the sealing zone
directly into the extracellular medium.

In the case of phosphate removal, there is no evidence of vesicle-
mediated transcytosis but recent studies suggest the presence of transcellular
transport of phosphate (Gupta et al.,, 2001). However it is not yet known how
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large the quantities of phosphate being transferred are, so all three routes of
phosphate disposal should still be considered-namely, vesicle-mediated
transcytosis, specific transcellular transport, and leakage beneath the sealing

zone.

1.3.1.4 Transition Phase

The transition phase of bone remodeling is a critical period for the
‘coupling’ of bone resorption and bone formation. This is the phase during which
bone-resorbing osteoclast stimulate the differentiation of osteoblast precursors,
thereby promoting bone formation in the pits formed by bone resorption. While
bone formation is being activated, osteoclastic bone resorption is halted and
osteoclasts undergo apoptosis either in a Bim/caspase-3-dependent manner
(Wakeyama et al., 2007) or through estrogen-induced Fas ligand (Nakamura et
al., 2007). It is believed that the high extracellular calcium content that results
from bone resorption is responsible for the induction of osteoclastic apoptosis
(Zaidi et al., 1989; Lorget, et al., 2000; Nielsen, et al., 2007). The transition from
bone resorption to bone formation happens as a result of coupling factors that

are either liberated, secreted, or membrane-bound.

¢ Liberated coupling factors
The activation of osteoblastic bone formation is a critical step in
coupling, and can occur with or without direct cell-to-cell contact. Osteoclastic
bone resorption may result in the liberation of growth factors such as TGF-f,
bone morphogenic proteins (BMPs), and insulin-like growth factor (IGF)-Il from
the bone matrix (Pfeilschifter and Mundy, 1987; Wozney et al., 1988) These

would then activate osteoblastic bone formation. Studies have also shown that it
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is the number of osteoclasts, and not necessarily the act of resorption, which is
critical for the stimulation of bone formation (Del Fattore et al., 2006; Karsdal et

al., 2005).

o Secreted coupling factors

As described by Gray et al. (1996), the local topography of a site of
resorption, such as the grooves and pits, play a part in inducing bone formation
by enhancing cellular condensation. Alternatively, is its also possible that
osteoblasts may in fact recognize components of previously resorbed lacunae in
the absence of osteoclasts. For example, Type V tartrate-resistant acid
phosphatase (TRAP, encoded by Acp)b) is required for bone matrix resorption
and collagen turnover, but transgenic mice over-expressing TRAP show not only
increased loss of trabecular bone volume but also show increased bone
formation (Angel et al., 2000). This suggests that TRAP, which usually helps with
resorption in the lacunae, may in fact have a hand in stimulating bone formation.
Several in vitro studies suggest that osteoclasts secrete potential coupling
factors, including sphingosine 1-phosphate (S1P), a B polypeptide chain platelet-
derived growth factor homodimer (PDGF BB), and hepatocyte growth factor
(HGF). S1P is produced in osteoclasts by sphingosne kinase (Sphk) and can act
as both an intracellular and extracellular messenger. Secreted S1P interacts with
its receptor on osteoblasts and enhances RANKL expression as well as
migration and survival of osteoblasts (Ryu et al., 2006). PDGF BB promotes
proliferation but suppresses differentiation of osteoblast precursors (Kubota et
al., 2002; O’Sullivan et al., 2007). So when osteoclasts undergo apoptosis, the
reduced PDGF BB secretion is thought to contribute to the switch from

proliferation to differentiation in osteoblasts. HGF, which is secreted by
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osteoclasts and not osteoblasts, binds to HGF receptors expressed on both cell
types (Grano et al., 1996). HGF treatment increases DNA synthesis and

proliferation of both cell types.

e Membrane-bound coupling factors

Osteoclast inhibitory lectin (OCIL) is a type Il transmembrane C-type
lectin that suppresses osteoclast differentiation (Zhou et al., 2001; Zhou et al.,
2002). OCIL has been shown to inhibit osteoclast differentiation and function in
vitro (Nakamura et al., 2007). Steel factor (SLF) - which is also known as stem
cell factor (SCF) and mast cell growth factor (MGF), is the ligand for the tyrosine
kinase receptor c-Kit (also known as CD117). A mutation that results in the
formation of soluble SLF has been shown to result in osteopenia, impaired
osteoblast function, and increased osteoclast surface, suggesting that it is the
membrane-bound and not the soluble SLF that suppresses osteoclast formation

and enhances bone formation by osteoblasts (Lotinun et al., 2005).

e Direct OC-OB contact in vivo

In 2002, Everts et al. reported that the proteolytic removal of bone
collagen left by osteoclasts in the resorption lacunae is an essential step linking
bone resorption to bone formation. The authors found that almost all of the
osteoclasts attached to the bone surface were in contact with bone lining cells.
Matuso and Irie (2008) suggest that it is possible that mature resorbing
osteoclasts interact not only with bone lining cells, but also with fully
differentiated osteoblasts. They cited their own preliminary observations that
used transmission electron microscopy to detect cell-cell contact between mature

osteoclasts and mature osteoblasts.
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1.3.1.5 Hormones that Control Bone Resorption
1.3.1.511 VITAMIND

Vitamin D is synthesized following exposure to sunlight and can also be
acquired from the diet (DelLuca, 2004). Vitamin D, which according to Haddad
(1995) is bound to the vitamin D-binding protein (DBP), is then transported to the
liver to be converted to the active form of 1,25-dihydroxyvitamin D (1,25-(OH), D)
by cytochrome P450 25-hydroxylase enzymes (Cheng et al., 2003; Ohyama and
Yamasaki, 2004). Studies by (DelLuca, 1988) discovered that one of the major
physiological roles of 1,25-(OH), D, also known as calcitriol, is in the
maintenance of mineral homeostasis. Researchers have found that in animals,
vitamin D deficiency results in conditions such as hypocalcemia, secondary
hyperparathyroidism, rickets, and osteomalacia. 1,25-(OH), D has been shown to
play a crucial role in the intestinal absorption of calcium by inducing the
expression of epithelial calcium channels (Van Cromphaut et al, 2001). In
addition to this, 1,25-(OH), D induces the transcription of genes that code for
proteins such as calbindin D9k and the basolateral membrane pump PMCA1b.
These proteins facilitate the movement of calcium through the enterocyte
cytoplasm and transport the calcium across the basolateral membrane and into
circulation (Christakos et al., 2003; Raval-Pandya et al., 1998; Wasserman et al.,
1992).

VDR is expressed on osteoblasts and precursors, and studies have shown
that the 1,25 (OH), D can modulate the expression of osteoblastic phenotype
markers (Owen et al., 1991) depending on the growth and maturation stage of
the cells. As explained by St. Arnaud (2008), VDR signaling may inhibit
differentiation in the early part of osteoblastogenesis, but VDR signaling in
terminally differentiated osteoblasts results in enhanced osteoblastic activity.
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1.3.1.5.2 PARATHYROID HORMONE

The parathyroid hormone (PTH) is synthesized in the parathyroid glands,
and in mammals is the most important regulator of blood calcium ion
concentrations. The synthesis and secretion of PTH is very finely regulated by
the concentrations of extracellular calcium ions, as monitored by calcium-sensing
receptors present on surface of parathyroid gland cells. As described by Gardella
and Juppner (2000), the release of PTH requires only very minor reductions in
the circulating levels of calcium, and it acts by activating PTH-1 receptors
expressed in bone and kidney tissues. The PTH-1 receptor belongs to the G-
protein coupled receptor family, and the triggering of the receptor by PTH results
in the downstream production of cAMP and the activation of protein kinase A
(PKA). This results in the release of calcium from bone and stimulates the
production of 1,25-(OH), D, as well as increasing the retention of calcium from

the glomerular filtrate (Gardell and Juppner, 2000).

1.3.1.5.3 ESTROGEN

As described by Raisz (2005), the initial idea that estrogen deficiency is
critical to the pathogenesis of osteoporosis was based on the fact that post-
menopausal women, whose estrogen levels decline naturally, are at the highest
risk of developing osteoporosis. Studies have found that the biochemical markers
of both resorption and bone formation are increased following menopause,
suggesting that bone remodeling is accelerated at that stage in life (Parfitt et al.,
1995; Ebeling et al., 1996). Estrogen acts through two estrogen receptors:
estrogen receptor a (ERa) and estrogen receptor B (ERp), with ERa appearing to
be the primary mediator of estrogen’s actions on the skeleton (Lee et al., 2003).

The human estrogen receptor belongs to the nuclear receptor super-family of
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ligand-inducible transcription factors (Evans, 1988). In the absence of the
hormone, the estrogen receptor is sequestered within the nuclei of target cells in
a multi-protein inhibitory complex. Once the ligand binds the receptor, there is a
conformational change within the estrogen receptor that promotes homo-
dimerization and high affinity binding to specific DNA response elements located
within the regulatory regions of the target genes (Tsai and O’Malley, 1994). ERa,
ERB, and the androgen receptor (AR) are all present in bone marrow stromal
cells, osteoblasts, and osteoclasts and their progenitors (Bellido et al., 1995;
Couse and Korach, 1999). This suggests that the effects of sex steroids on bone
are mediated, to some extent, directly. Receptor expression levels in bone cells
is about 10-fold lower than that found in reproductive organs, and does not vary
by gender as similar levels of ER and AR have been found in both men and

women (Benz et al., 1991; Braidman et al., 2000).

Effects of Estrogen on Bone Cells

Estrogen tends to have an anabolic effect on isolated osteoblasts, and is
complemented by its inhibition of apoptosis in these cells (Van Pottelbergh et al.,
2004). Estrogen also suppresses osteoclast activity via increased osteoclast
apoptosis (Albagha et al., 2005), reduced osteoblastic production of RANKL, and
by increased production of OPG (Khosla et al., 2004). These direct effects are

further bolstered by estrogen’s ability to reduce the production of cytokines.
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Sex hormones and Cytokines

TGF-8

In 1996, Hughes et al. proposed a major role of estrogen before
menopause is the limitation of osteoclast numbers and activity through the
promotion of apoptosis of mature osteoclasts and their precursors. They
suggested that TGF-p is responsible for triggering apoptosis in osteoclasts and
that it also mediates the effects of estrogen and tamoxifen. They found that TGF-
B increased in osteoclast apoptosis in a dose-dependent manner, and that
apoptosis was blocked with the introduction of an anti-TGF-§ antibody. They also
found that this antibody inhibited estrogen and tamoxifen-induced osteoclast
apoptosis, a finding that furthered strengthened their theory regarding the

relationship between estrogen, TGF-B, and osteoclast apoptosis.

IL-1, IL-6, and IL-7

Studies have shown that there is an increase in the levels of interleukin-1
(IL-1) and interleukin-6 (IL-6) following menopause, and are the first cytokines to
appear and be responsible for bone loss from estrogen deficiency. As described
by Manolagas (1995) and Manolagas et al. (2002), high levels of IL-6 have been
associated with increased osteoclastogenesis, further confirming the role of
cytokines in bone loss. The authors found that estrogen and androgen suppress
the production of IL-6 as well as two subunits of the |IL-6 receptor in cells of bone
marrow stromal/osteoblastic lineage. The case for a role for IL-6 in bone loss is
further confirmed by a study conducted by Bellido et al. (1995), where they found
that IL-6 knock- out mice did not experience bone loss following the loss of sex

steroids. Recently, IL-7 has also been linked to post-menopausal bone loss. It
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has been found that IL-7 levels are significantly upregulated following
ovariectomy, and the in vivo neutralization of IL-7 completely prevents
ovariectomy-induced bone loss in mice. In addition, suppressing the rise in levels
of IL-7 following ovariectomy also leads to upregulated bone formation

(Weitzmann et al., 2002).

1.3.1.5.4 CALCITONIN

The hypocalcemic peptide calcitonin (CT) was discovered by Copp et al.
in 1962 and contributes to calcium homeostasis by direct inhibition of osteoclasts
(i.e., bone resorbing cells). CT also reverses the process of osteolytic osteolysis
by promoting a flux of calcium into the bone. In addition, CT enhances calcium
excretion from the kidneys (Friedman and Raisz, 1965; Warshawsky et al.,
1980). As described by Pondel in 2000, studies that were carried out to
determine the source of CT have resulted in the realization that there are multiple
types of CT present within one species, and its expression ranges from the brain
to the prostrate.

Svynthesis and Structure of Calcitonin (CT)

The calcitonin (CT) gene complex consists of two known o and 3 genes,
both of which are located between the catalase and parathyroid hormone genes
on chromosome 11 in humans (Kittur et al., 1985). The a calcitonin gene consists
of six exons, of which the first three are shared with the alternative splice
product, calcitonin gene-related peptide (CGRP). The B calcitonin gene is
similarly organized, but has significantly different 3° and 5 noncoding regions
(Alevizaki et al., 1986) and gives rise to B-CGRP. The a gene upon splicing at

exon 4 gives rise to calcitonin, and produces the neuropeptide and potent
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vasodilator CGRP when spliced at exon 6 (Emson and Zaidi, 1989). The first
three exons are spliced in either process, and so both products show the same 5’
coding and noncoding regions. Lou et al. (1994) and Zandberg et al. (1995)
have identified important regulatory elements in exon 4 that are likely involved in
directing splicing towards CT or CGRP. There is also an intron element that
resides in intron 4 of the CT gene (Lou et al., 1996) that is possibly involved in
tissue-specific regulation of calcitonin RNA processing (Lou and Gagel, 1998).
As described by Monla et al. (1995) and Peleg et al. (1993), the calcitonin
promoter possesses a negative response element to vitamin D, a cyclic-response
element (CRE) and a transcriptionally active octomer sequence (CRE-O).
Following splicing to either CT or CGRP mRNA, mature peptides are synthesized
initially as large precursors that are then cleaved intracellularly to release the
active molecule.

The mature CT peptide is 32 amino acids long, and contains an N-
terminal disulfide bridge between residues 1 and 7 (Zaidi et al., 1990) as well as
a proline amide at residue 32. The CT sequence varies between species, and it
has been suggested that the conformational flexibility of a given CT molecule —
which is dependent on the bulkiness of the relevant side chains, determines its
biological potency (Breimer et al., 1998). As a result, the less bulky eel and

salmon CTs renders them more potent than human CT (Zaidi et al., 2002).

Calcitonin Receptor (CTR)

The physiological effects of CT (inhibition of osteoclast-mediated bone
resorption; increased excretion of Ca®* from the kidneys) are mediated by high
affinity calcitonin receptors (CTRs). According to Abou-Samra, the calcitonin
receptor is closely related to the receptors for secretin and the parathyroid
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hormone (PTH), and along with them forms a distinct subfamily within the G-
protein coupled receptor superfamily. G-protein coupled receptors (GPCRSs)
represent the largest family of signal-transducing molecules known (Gersenghorn
et al., 2001). A large number of hormones, neurotransmitters and other ligands
exert their effects on cells by binding to G-protein coupled receptors. The
chemisty of ligands for the different GPCRs vary remarklably, and range from
biogenic amines and glycoproteins to lipids and ions to name a few.

GPCRs were named based on their ability to recruit and regulate the
activity of intra-cellular G-proteins. Following binding, heterotrimeric G-proteins
transduce the ligand binding into intracellular responses that result in
physiological responses of tissues and organisms. Initially, G proteins are bound
to GDP and are in an inactive state. When activated GPCRs interact with G
proteins, they act as guanine-nucleotide exchange factors and induce a
conformational change in the associated G-protein a subunit causing a release of

GDP, followed by the binding of GTP (Bourne et al., 1991). The binding of GTP
results in the dissociation of the G,- GTP from the Gg, subunits, and these

products can modulate several signaling pathways such as the
inhibition/stimulation of adenylate cyclases, phospholipases, as well as calcium
channel activity.

G-protein coupled receptors are grouped into three subfamilies that
display little sequence homology, and yet share the same overall topology. The
only structural feature common to all GPCRs is the presence of 7
transmembrane a helices. There is however a lot of sequence homology
between members of the same sub-families. As described by Foord (2002), there

are three main sub-families of GPCRs: the rhodopsin receptor-like family (Family
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A or Class |), the secretin receptor-like family (Family B or Class Il), and the

neurotransmitter receptor family (Family C or Class III).

Calcitonin Receptor: A Family B G-protein coupled receptor

The first calctionin receptor (CTR) to be isolated and cloned was derived
from a cDNA library from the porcine renal epithelial cell line by Lin et al. in 1991,
and it was one of the first Family B (or Class IlI) G-protein coupled receptors to be
identified. The most prominent characteristic of this family of receptors is the
presence of a very large extracellular amino-terminus containing several
cysteines, presumably forming a network of disulfide bridges (Ulrich et al., 1998).
Autoradiographic and radioligand-binding techniques using iodinated CT have
since identified high-affinity CTRs in a variety of tissues including primary breast
cancer tissue (Gillespie et al., 1997), kidneys, discrete regions of the brain and

placenta (Martin and Moseley, 1990).

Calcitonin and Cell Signalling

The physiological effects of CT are mediated mainly by the ability of the
CTR to couple to at least two signal transduction pathways. The coupling of the
CTR to the activation of adenylate cyclase/cAMP/protein kinase A pathway has
been described in several cell types — for example, kidney epithelial cells
following treatment with soluble CT (Goldring et al. 1978). In 2000, Orcel et al.
constructed CTR hybrid insulin-like growth factor Il receptors and transfected
them into COS cells to identify G-protein-interacting domains of the pCTR. Two
regions of the pCTR were demonstrated to be crucial for interaction with G, and
subsequently with increased intracellular levels of cAMP. As stated by Chabre et
al. and Force et al. in 1992, CTRs can also couple to the phospholipase C
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enzyme pathway. This pathway, as with the cAMP pathway, can be initiated by
the coupling of receptors to multiple G-proteins. Activation of the PLC pathway
causes the release of Ca®* from intracellular stores and helps promote an influx
of extracellular calcium. Finally, in 1998, Naro et al. suggested that CTRs can
also couple to the phospholipase D signal transduction pathway. While it is
established that adenylate cyclase, PLC, and PLD are all signal effectors for the
CTR, there appear to be more signalling pathways that have been less
extensively characterized. For example, CTR-mediated activation of mitogen-
activated protein kinase (MAPK) pathway was described by Gutkind et al. in

1998.

Actions of CT

According to Breimer et al. (1988), calcitonin inhibits both basal and
stimulated resorption of organ-cultured bone. It functions by causing a loss of the
ruffled border of osteoclasts (Chambers and Magnus, 1982; Holtrop et al., 1974;
Kallio et al., 1972) and results in a decrease in osteoclasts numbers over the
course of time. Studies by Chambers (1982) have shown that the application of
near-physiological femtomolar calcitonin concentrates is enough to stop
cytoplasmic motility of osteoclasts in vitro, and even produces a gradual
retraction of isolated osteoclasts. In addition to this, calcitonin inhibits osteoclasts
from synthesizing and secreting degradative enzymes such as TRAP (Yumita et
al., 1991). Calcitonin has also been shown to reduce the amount of acid secreted
by osteoclasts by altering Na’-K*-ATPase activity and carbonic anhydrase
localization (Akisaka and Gay, 1986; Chambers et al., 1987; Moonga et al.,
1990). The different forms of calcitonin display different efficacies in terms of the

inhibition of osteoclast activity, with salmon calcitonin being the most potent and
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human calcitonin being the least potent (Zaidi et al., 1988). One of calcitonin’s
most pharmacologically important functions is to increase renal calcium and
phosphate excretion as well as increasing 1,25-(OH), D production (Agus et al.,
1981; Zaidi et al.,, 1990). Calcitonin has also been shown to regulate the
expression of the renal 25-hydroxyvitamin D3 hydroxylase gene in rats (Shinki et
al., 1999). As described by Nicholson et al. (1986), there are about 1 million
calcitonin receptors on osteoclasts, and several receptor subtypes that have
been formed as a result of alternative splicing have been identified (Goldring et
al., 1993). It is important to note that all of the subtypes bind calcitonin with high
affinity. Other interesting studies have found that M-CSF and NF«B regulate the
expression and function of the calcitonin receptor in human osteoclast-like cells
(Samura et al., 2000) and treatment of osteoclasts with CT induced a prolonged
but temporary down-regulation of CTR expression (Wada et al., 1995). Inoue et
al. (1999) and Wada et al. (1997) studied the molecular basis of CTR gene
expression and suggested that the CT inhibited transcription of CTR mRNA by

inhibiting its transcription or by reducing its stability, respectively.

1.4 OSTEOPOROSIS THERAPY STRATEGIES

As discussed earlier, osteoporosis is a bone-degenerative disease that is
brought about by an imbalance in bone remodeling that favours bone resorption
over bone formation, eventually resulting in severe bone fragility. Therefore,
treatments for osteoporosis can be either anabolic therapies (eg. PTH) or anti-

resorptive therapies (eg. Bisphosphonates, CT).

54



1.4.1 ANABOLIC THERAPIES

Anabolic therapies are those therapies that increase bone mass and
strength, and primarily work by stimulating bone formation. As described by Lane
and Kelman (2003), this new class of agents increases bone mass to a greater
extent than what is seen by simply filling in resorption pits. As a result, the
authors suggest that these drugs have the potential to restore bone mass back to
normal levels, thus reducing the risk of osteoporotic fractures by more than the

currently available antiresorptive agents.

1.4.1.1 Parathyroid Hormone (PTH)

The anabolic effects of PTH have been discussed in detail in a previous
chapter, and Silverman et al. in 2001 showed that the aminoterminal fragment of
PTH (also known as teriparatide) was able to produce significant reductions
(65% and 53%) in the risk of vertebral and non-vertebral fractures. Treatment
with the full length PTH was shown to reduce risk of new vertebral fractures by
58%, and the increase in BMD obtained is further amplified when a
bisphosphonate is given after a course of PTH. Currently, recombinant human
PTH is approved as a therapy for postmenopausal osteoporosis in the US (Lane

and Kelman, 2003).

1.4.1.2 Strontium Ranelate

Strontium ranelate consists of two cation atoms of stable strontium and an
organic moiety, ranelic acid, which dissociates at the gastrointestinal level.
Strontium is a cation that is very closely related to calcium and has been shown
to play both an anabolic and an antiresorptive role in bone metabolism, although
there is still some controversy surrounding its mechanism of action (O’'Donnell et
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al., 2006). Potential side effects, according to O’Donnell et al. (2006), include

diarrhea, seizures and memory loss.

1.4.2 ANTIRESORPTIVE THERAPIES
Age-related bone loss can be essentially halted by the use of antiresorptive
agents to restore the balance between bone resorption and formation (Reid,

2008). The currently available resorptives will be discussed in this section.

1.4.2.1 Selective Estrogen Receptor Modulators (SERMs)

As described in an earlier section, estrogen is an anti-resorptive
agent that is crucial to the maintenance of skeletal integrity in adults of both
sexes, and acts on cells directly as well as indirectly. The use of estrogen in post-
menopausal women has been shown to return bone turnover markers back to
premenopausal levels, and if administered at the right time can completely
prevent postmenopausal bone loss (Lindsay et al., 1980). When researchers
administered estrogen to women who had been postmenopausal for several
years, it resulted in an 8% increase of spinal bone mass over the course of 3
years when compared to a placebo (Bush et al., 1996). There was also a one-
third reduction in the number of spine and hip fractures (Rossouw et al., 2002).
However, there are several safety concerns that have arisen over the years that
have substantially limited the use of this therapy.

There has always been a concern regarding the link between estrogen
administration and an increased incidence of breast cancer, and this was
confirmed by a study by the Women’s Health Initiative (Rossouw et al., 2002).
Studies by the Women’s Health Initiative have found that in treatment with
estrogen alone in the presence of a uterus resulted in an increased rate of
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endometrial carcinoma, and so this treatment is only an option for women who
have had hysterectomies. They then found that treatments that combined
estrogen with progesterone resulted in an increased risk of breast cancer. They
also found that estrogen treatments increase the risk of thromboembolic events
(Rossouw et al.,, 2002). As a result of these findings, researchers developed
estrogen-like agents in an attempt harness that power of estrogen while
minimizing its side effects. These compound are known as SERMs, and have a
mixture of estrogen agonist and antagonist properties that are tissue-specific
(Katzenellenbogen et al., 2002). The first such SERM was tamoxifen, which was
initially designed as a receptor antagonist for the treatment of breast cancer.
However when it became apparent that it also improved bone density (Grey et
al., 1995), it was suggested that it acted as an agonist on bone. This led to the
development of raloxifene, a SERM that has less potent effects on bone
resorption and bone density than a usual dose of estrogen (Reid et al., 2004).
While Ettinger et al. (1999) showed that raloxifene resulted in the decreased
incidence of vertebral fractures, there was no effect on non-vertebral fractures. In
addition, studies by Barett-Connor et al. (2006) have found that while raloxifene
is neutral with respect to heart attacks and strokes, it does increase the
frequency of thromboembolism in the same way that estrogen does. As a result,
its use in the management of postmenopausal osteoporosis is limited (Reid,
2008). As described by Maricic (2007), while estrogen is currently approved for
the treatment of postmenopausal symptoms, it is no longer approved for the
treatment of osteoporosis. Researchers are trying to design SERMs that have
more potent bone effects, but most clinical trials have been scratched due to the
high incidence of uterine collapse that is seen with these treatments (Reid,
2008). Current SERMs being tested in clinical trials are basedoxifene and
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lasofoxifene, but neither is ready as of yet. As a result, SERMs are yet to play a

maijor role in the management of postmenopausal osteoporosis.

1.4.2.2 Calcium

Calcium supplementation is one of the oldest forms of anti-
resorptive therapy, and has long been regarded as a ‘tonic’ for bone. Calcium
supplements work by suppressing the circulating levels of PTH, resulting in a
decrease in bone turnover (Reid et al., 2008). Following the administration of
calcium, the suppression of bone resorption is apparent within a few hours (Reid
et al., 1986) and this suppression is sustained with long-term use for at least 5
years (Reid et al., 2006). However, as stated in a review by Reid (2008), one of
the issues with having to maintain long-term calcium supplementation is that the
compliance levels are low. The reasons for this could be because the tablets are
very large and frequently cause gastrointestinal side effects. While calcium
supplementation has traditionally been thought of as a safe intervention with the
only side effect being constipation, Reid (2008) reported that there was a 50%
increase in the occurrence of cardiovascular events following calcium treatments
(Bolland et al., 2008). There have also been some other studies that found that
when patients with renal failure were randomly administered calcium
supplements, there was an increase in vascular calcification and in some cases
even resulted in death (Russo et al., 2007; Block et al., 2007). In healthy adults,
there have been some studies that found that there was a relation between

serum calcium levels and carotid artery plaque thickness (Rubin et al., 2007).
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1.4.2.3 Bisphosphonates

Over the last decade, the main class of anti-resorptive agents used in the
treatment of osteoporosis has been bisphosphonates. Fleisch et al. in 1969 were
the first researchers to describe the anti-resorptive effects of this class of drugs,
which are analogs of pyrophosphates- the endogenous regulators of
mineralization in the body. The only difference is that the phosphate groups in
pyrophosphates are joined together by a phosphoanhydride bond (P-O-P) while
in bisphosphonates, they are joined together through a central carbon atom
resulting in the formation of a phosphoester bond (P-C-P). This P-C-P bond
makes bisphosphonates more resistant to enzymatic hydrolysis (Fleisch, 1997),
thus allowing them to retain activity in vivo over a period of several years. The
similarity in the structures of pyrophosphates and bisphosphonates is clearly

visible in the figure below:

Pyrophosphoric acid Bisphosphonic acid
R
HO OH HO OH
| | I
O—P—0—P=—20 O—P—C—P=—0
| | I
HO OH HO OH
R;

(Adapted from Martin, 2000)

Fig. 1.1: The structures of pyrophosphate (pyrophosphoric acid) and its analog
bisphosphonate (bisphosphonic acid).

As described by Font et al. (2008), while the central ring is essential for

binding hydroxyapatite, the lateral chains (R1 and R2) are variable and can either
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contain a terminal amino chain or a cyclic nitrogen chain. Of the two side-chains,
it is understood that the R1 side-chain is usually a hydroxyl group that enhances
the affinity of the compound to bone (Widler et al., 2002; Rogers et al., 1995).
The potency of the compound as an anti-resorptive is determined by the
variations in the structure and conformation of the R2 side-chain (Widler et al.,
2002; Rogers et al., 1995; Russell et al., 1999). Based on these side-chains,
bisphosphonates can be divided into two main groups: nitrogen-containing/amino
bisphosphonates (Alendronate, Risedronate, Pamidronate, Zoledronate,
Ibandronate) and non-nitrogen containing bisphosphonates (Etidronate,

Tiludronate). A summary of their structures is shown below:

Agent R‘.1 side chain Ft2 side chain
Etidronate -OH -CH,
Clodronate -Cl -
Tiludronate -H -5- @-CI
FPamidronate |-OH ~CH,-CH_-NH,
Maeridronate -iJH —(CH?]ﬁ-NH?
Clpadronate -0H —|:'::H?:|z’r~l[li:I-13]2
Alendronate | -OH -(CH,),-NH,
Ibandranate -0OH —CHQ—CH?N :: CH,
_n{CH}-CH,
Risedronate | -OH ﬁ@
Loledronate -iJH f“mue’%m
==t

Fig.1.2: The structures of the R1 and R2 side-chains of some common
bisphosphonates, including the first generation non-nitrogen containing (non-
amino) bisphosphonates and the second and third generation nitrogen-containing
(amino) bisphosphonates.
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Early bisphosphonates were non-aminobisphosphonates, and contained
a short R2 side-chain such as a methyl group in etidronate or a chloride group in
clodronate. However, they are not as effective as the newer
bisphosphosphonates that contain an amino-group in the side chain (Russell et
al., 1999). Bisphosphonates like ibandronate even contain a tertiary amino group
as their R2 side-chain, and are one of the most potent bisphosphonates as a
result (Russell et al., 1999; Gatti, 1999).

All bisphosphonates carry a negative charge that is associated with the
phosphate groups, and as a result adhere themselves to the positively charge
surface of hydroxyapatite crystals of bone. It has been suggested that
approximately 50% of an intravenous dose is sequestered in bone within a few
hours of administration and the kidneys excrete the leftover bisphosphonate over
a similar time-period. When osteoclasts arrive at their site of resorption and
breakdown the mineral phase of bone, they ingest any attached bisphosphonates
along with the mineral phase. Upon entering the osteoclast, the bisphosphonates
interfere with metabolic pathways that involve any diphosphate moieties. The
non-aminobisphosphonates are metabolically converted into non-hydrolyzable
analogs of adenosine triphosphate (ATP) by reversing the reactions of
aminoacyl-transfer RNA synthetases (Rogers et al., 1994). This leads to an
accumulation of resultant metabolites within the osteoclasts, likely resulting in
their eventual death (Graham and Russell, 2007). The main pathway inhibited by
the more potent class of bisphosphonates, the aminobisphosphonates, is the
important biosynthesis pathway, the mevalonate pathway. The final outcome of
aminobisphosphonate action is the triggering of apoptosis, an action that Hughes
et al. (1995) and Selander et al. (1996) suggested was the primary means by
which amino-BPs inhibit resorption.
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The most effective bisphosphonate to date is Zoledronate (or Zoledronic
acid), which is a third generation bisphosphonate and is the monohydrate of 1-

hydrox-2 bisphosphonic acid (Green and Rogers, 2002).

Bisphosphonate Side-Effects

Several studies have found that oral administration of bisphosphonates
causes gastrointestinal inflammation. This is probably as a result of the inhibition
of the mevalonate pathway in gastrointestinal epithelial cells (Reszka et al.,
2001). The development of gastric ulcers and erosions have is another well-
documented side effect associated with the oral administration of nitrogen-
containing bisphosphonates (de Groen et al., 1996). Following an intravenous
dose of nitrogen-containing bisphosphonates, approximately 20% of patients
experienced a temporary flu-like illness also known as acute—phase reaction
(APR). It has also been proposed that bisphosphonates cause an excessive
reduction in bone turnover that leads to an accumulation of microcracks that
make the bone more susceptible to necrosis following trauma or infection
(Mashiba et al., 2001). Osteonecrosis of the jaw is a condition that is
characterized by necrotic exposed bone in the maxillofacial region, and its
connection to bisphosphonates was first reported in patients with cancer that had
been receiving intravenous bisphosphonate therapy (Marx, 2003). This condition
is not as widely reported by patients with postmenopausal osteoporosis or Paget

disease that have been treated with bisphosphonates.

1.4.2.4 Osteoprotegerin (OPG)
As described in an earlier chapter, OPG is a potent inhibitor of

RANKL-RANK signaling in vitro as well as in vivo, and was therefore an obvious
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choice to be tested as an antiresorptive. Treatment with OPG in rodent models of
OP was found to effectively lower the serum calcium levels in cancer-induced
hypercalcemia (Boyle et al., 2003), the development of an OPG therapy was
scratched in favour of a fully human monoclonal antibody against RANKL (Martin

and Seeman, 2007).

1.4.2.5 Denosumab

In an earlier chapter, we discussed in great detail the crucial role
of the RANKL-RANK-OPG axis in the remodeling of bone. Ever since this axis
was discovered, a number of strategies have been developed in an effort to
manipulate this regulatory system in order to treat bone diseases. The approach
that has thus far had the most success has been the development of denosumab
- a monoclonal antibody to RANKL. Denosumab is administered
intracutaneously, and has shown the potential to substantially reduce the number
of osteoclasts upon dosing. As of May 2009, the drug has not yet hit the market,
but is expected to do so soon. One potential side effect is the accumulation of
microcracks in the bone due an excessive halting of resorption, resulting in brittle
bone. As opposed to bisphosphonates, which stay in system for several years,
denosumab is completely cleared from the body and as a result is not as likely to
cause this problem. The main concern with denosumab, however, is that it could
disrupt the global actions of the RANKL-RANK signaling pathway (Whyte, 2006).
As described in earlier, the RANKL-RANK signaling system functions within in

the immune system, and so shutting this down may result in immune dysfunction.
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1.4.2.6 Calcitonin

Calcitonin, as described in great detail in an earlier chapter, is a
very small peptide hormone (3.5kDa) that plays an important role in the
regulation of calcium homeostasis in the body. It is a potent inhibitor of
osteoclastogenesis in the body, and is therefore used as a therapy for
postmenopausal osteoporosis. Salmon calcitonin, the most potent and tolerable
of all other calcitonins, is commonly administered in the form of a nasal spray. In
1994, nasal salmon calcitonin efficacy was testing by the Prevent Reoccurrence
of Osteoporotic Fractures, or PROOF ftrials. The results were released in 2000 by
Chestnut et al., and along with the results of previous studies led to the
suggestion that nasal salmon calcitonin has only a small effect on bone density
(Cummings and Chapurlat, 2000). So while nasal sCT treatment has been shown
to mildly reduce the risk of fractures, it is minimally effective primarily as a result
of issues of bioavailability (Chestnut et al., 2000). Zaidi and Moonga suggest that
this is to be expected as highly charged peptides like calcitonin are unlikely to
cross the mucosal membranes effectively in the absence of a delivery vehicle. In
spite of these issues with nasal salmon calcitonin, it is still widely used due to its
claimed effect on bone mineral density, ease of use and lack of side effects
(Coleman et al., 2002). As a result of the short half-life of sCT (15-20min), the
parenteral route requires frequent administrations in order to maintain the
peptide’s pharmacological effects (Huwyer et al., 1979). Therefore, the patient
would have to be subjected to daily injections and this would result in poor
patient compliance. The oral route is therefore the preferred route, but the
absolute bioavailability of salmon calcitonin administered in this way is extremely
low. Studies have shown that sCT has very low intrinsic permeability across the
intestinal membranes and undergo extensive proteolytic degradation in the
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gastrointestinal lumen. In addition to this, peptide absorption is hindered by
physical adsorption in the gut lumen (Antonin et al., 1992). According to animal
and clinical studies by Hastwell et al. in 1992, the bioavailability following colonic
administration of human CT in rats have been found to in the order of 0.2% to
0.9%. In human studies, the bioavailability of hCT was found to lie between
0.05% and 2.7% after intracolonic administration (Antonin et al., 1992; Beglinger
et al.,, 1992). A few of these downfalls of the oral administration of sCT have
been overcome by the conjugation of polyethylene glycol (PEG). This conjugate
was shown to achieve a sustained hypocalcemic effect, is a little more stable in
the colon and less susceptible to adsorption (Mansoor et al., 2005). Most
recently, Chang and Lim (2009) have designed a non-ionic lipid conjugate of sCT
(Lipeo-sCT) which has the same effectiveness as sCT in lowering the serum
calcium levels in rodents (Cheng and Lim, 2008), and its bioactivity upon
parenteral injection is seen to be extended by at least 6hrs when compared to a
traditional parenteral sCT injection.

While it is evident that researchers are working on trying to
enhance the bioavailability of sCT by increasing its absorbiton to and half-life in
the serum, there is no evidence of any studies trying to increase bioavailability of

sCT by targeting it directly to its receptors on osteoclasts.

1.4.2.7 Other Drugs Currently in Development
a. Cathepsin-K inhibitors
As described in an earlier chapter, cathepsin K is a cysteine
protease that is highly expressed in osteoclasts. Cathepsin K is integral to the
breakdown of the organic phase of bone during the process of bone resorption,
and therefore inhibiting this enzyme would theoretically reduce the damage
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caused by bone resorption. However, cathepsin K is also found in a number of
other tissues such as skin cells, and skin-derived cells, and therefore an
inhibition of its activity can potentially result in severe side effects. It has also
been shown that the knocking out of cathepsin K in mice results in a higher
predisposition to bleomycin-induced lung fibrosis (Buhling et al., 2004). For
example, the cathepsin K inhibitor balicatib was discontinued after phase 2 trials
due to the development of skin and respiratory side effects. Currently, the one
cathepsin K inhibitor that has successfully completed phase 2 clinical trials
without any obvious safety issues is Odanacatib. Odanacatib has been found to
have an efficacy that is comparable to the potent bisphosphonates (Bone et al.,
2007). Odanacatib is still in development, and appears to have the potential to be

an effective antiresorptive therapy some day.

b. ATPase and Chloride Channel inhibitors

As described in an earlier section, one of the essential
components of bone resorption by osteoclasts is the acidification of the
resorption lacuna in order to dissolve the mineral layer of bone. The pH in the
resorption pit is maintained by a vacuolar ATPase pump that actively transports
protons into the lacuna. Therefore, inhibition of H*-ATPase would, in theory,
block bone resorption from taking place. Inhibitors of this enzyme have been
tested as anti-resorptives, and one relatively osteoclast-specific H+-ATPase
inhibitor has been shown to inhibit bone loss in rat OP models (Visentin et al.,
2000). In order to maintain electroneutrality during the course of acidification, it is
essential for the transport of chloride ions into the resorption lacuna via chloride
channels. As described by Martin and Seeman (2007), the absence of chloride

channels will result in the hyperpolarization of the membrane and subsequently
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the inhibition of further resorption. Studies by de Vernejoul et al. (2001) showed
that mutations in the CLC7 gene are responsible for an osteopetrotic phenotype,
and as a result, Schaller et al. (2004) developed an orally delivered inhibitor of
the CLCN7 chloride channel. This therapy was shown to inhibit bone loss in a rat

OP model without inhibiting bone formation.

c. Disintegrins (Echistatin, Kistrin)

The crucial role played by the integrin avp3 receptor in osteoclast
activity has been the target of antiresorptive called disintegrins. Disintegrins like
echistatin and Kkistrin act by binding with high affinity to the avf3 integrin,
inhibiting bone resorption (Martin and Seeman, 2007). As described by Coleman
et al. (2004), small peptides that mimic the RGD peptide sequence that is
recognized by the avp3 receptor were also shown to have similar effects on bone

resorption.

1.5 TARGETED DRUG DELIVERY

The targeting of a drug molecule to a particular site of action results in
reducing the amount of drug being circulated to other organs and tissues. As a
result, the chances of any side-effects on other organs or tissues is reduced
considerably while there is an increase in the bioavailability of the drug at the site
of action, causing a tremendous increase its therapeutic potential (Kidane and
Bhatt, 2005). In this chapter, the use of antibodies and related conjugates as

delivery mechanisms will be discussed.
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1.5.1 Antibodies as Drug Carriers

The use of antibodies as carrier vehicles for other drugs ensures the
selective delivery of the payload directly to the diseased or disease-causing cells.
The drugs that benefit from this form of delivery are those that either have high
system toxicity or low target tissue absorption.

Antibody-based targeted delivery requires the therapeutic drug to be
conjugated to the carrier antibody in a covalent fashion. This is so as to make
sure that the linkage is stable enough to keep the drug attached to the carrier
antibody until the conjugate reaches the target tissues/cells. If cleavage of the
drug from the antibody is required at the site of targeting, the linkage between the
carrier antibody and the drug should be selected so that the mechanism of
cleavage depends on the microenviroment of the target site. Once they arrive at
the site of action, the conjugates can function either intracellularly or

extracellularly.

Intracellularly Acting Conjugates

As described by Shen and Louie in 1999, intracellularly acting conjugates
are generally designed for drugs that target DNA or enzymes within the cells.
These conjugates need to be internalized, and this is usually via endocytosis.
Upon uptake by vesicles, the conjugate is processed in the endosomes and
lysosomes, and proteolytic enzymes in the lysosomes degrade the antibody.
Assuming the drug molecule survives the processing in the lysosomes, it can
start acting on its target within cell. For example, methotrexate (MTX) and
daunorubicin (DNR) are two drugs that can be bound to antibodies and get

internalized by the cell. Following lysosomal processing, they emerge as MTX-
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lysine and DNR-glutamate respectively. While MTX-lysine is active, DNR-

glutamate is not.

Extracellularly Acting Conjugates

As stated by Shen and Louie (1999), any antibody-conjugates that can
exert their activity extraceullarly can act in two main ways: either they act on the
targets in the cytoplasm, or they are released from the antibody onto the surface
of their target cells and generate a depot effect. The limiting factors of this
strategy are the number of drug molecules that can be delivered per antibody,
and the number of drug molecules that act on each antigenic epitope on the cell.
The rate of release from the antibody can also be a limiting factor. One strategy
to get around this to generate active drug molecules at the target site using an
enzyme antibody conjugate that converts an inactive prodrug into an active drug.
For example, etoposide phosphate is delivered and activated at its site of action
by a phosphatase-antitumor antibody conjugate. These potential drawbacks,
however, are a non-issue if the therapeutic being delivered has a potent effect on

its target cells.

Safety and Efficacy of Antibodies in Therapeutics

In the last decade, the number of antibodies and antibody-conjugates
being used in therapeutic applications to treat human disease has steadily risen,
with several more in the pipeline. As antibodies are different from conventional
drugs, they need to satisfy different safety and efficacy criteria. For example, the
antibodies used in therapy are generally isolated from human serum, and
therefore must be screened very carefully in the same way that other blood
products are screened. Also, the increasingly popular monoclonal antibodies are
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produced by hybridoma technology and therefore need to be carefully screened
for any sort of contamination. Another safety requirement for antibodies in
therapeutic strategies is that they do not cross-react with other tissues or cells in

a non-specific fashion.

1.5.2 Streptavidin-Antibody Conjugates in Drug Delivery

As described by Shuvaev et al. (2004), one alternative to drug delivery via
conjugation to an antibody, is to use the streptavidin-biotin system. Streptavidin
and biotin are two proteins that have an extremely high affinity for one another,
and this relationship has been the focus of studies that are looking to exploit the
system for purposes of drug delivery. The extraordinary interaction between
streptavidin and biotin has a Ky of 10"°M, and is a noncovalent interaction. This
extremely specific and nearly irreversible interaction is widely used in biology as
well as in medicine (Wilchek and Bayer, 1990). The covalent linking of a protein
with biotin results in the formation of a biotinylated protein that will now bind to
streptavidin and form a protein-streptavidin conjugate. According to Shvaev et al.
(2004), these conjugates can be characterized into two main categories
depending on the level of biotinylation: oligomeric and polymeric conjugates.
Oligomeric conjugates are used commonly in labeling techniques, and occur
when the protein contains less than two biotins per molecule. When a protein has
an average of two of more biotins per molecule, the structure formed is a
polymer, as shown in Fig. 1.3, Shuvaev et al. in 2004 constructed a novel
conjugate that was intended to deliver the therapeutic molecule catalase
specifically to cell adhesion molecules (PECAM) on epithelial cells lining the

luminal surface of the vasculature. Their design involved the biotinylation of
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catalase as an anti-PECAM antibody, followed by their conjugation to a
streptavidin molecule. The result was the formation of a conjugate that targeted
catalase to PECAM on epithelial cells using the streptavidin-biotin system. This
particular strategy of targeted delivery promises to be a very important laboratory
tool, especially in the designing of ‘proof-of-principle’ conjugates that can be

tested in vitro.

!.:? Streptavidin
¢ Biotin

Protein (enzyme
2 and/or antibody)

Shuvaev et al. (2004)

Fig. 1.3: Depiction of the two types of protein conjugates that are formed with the
streptavidin-biotin system. Proteins with less than two biotin/molecule
(oligermeric conjugates) are shown in A, and proteins with two or more
biotin/molecule (polymeric conjugates) are shown in B.

1.6 IN VITRO SYSTEM TO STUDY OSTEOCLASTS

The first breakthroughs in studying the mechanisms involved in osteoclast
differentiation and activation came about when co-cultures of bone marrow cells
with stromal cells resulted in the generaton of osteoclasts (Takahashi et al.,
1988). For several years after this finding, co-culture systems have been used to

study the differentiation and maturation process of osteoclasts (Suda et al.,
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1999), but this system is not always ideal as it is a mixture of two types of cells.
As described by Meiyanto et al. (2001), the co-culture is not suitable for studies
who aim to analyze the details of osteoclastogenesis and osteoclast maturation.
Hsu et al. (1999) were the first to report that the mouse leukemic monocyte
macrophage derived cell line RAW 264.7 (Ralph et al., 1977) could be induced to
form mature osteoclasts in the absence of stromal cells by dosing them with
purified RANKL (Hsu et al, 1999) and M-CSF (Yoshida et al., 1990). As
described by Wittrant et al. (2003), before the RAW 264.7 cell culture system
was developed, researchers had to purify mature osteoclasts from total rabbit
bone cells. Even though the purity was deemed to be approximately 95%, the
presence of even a small poportion of stromal cells will result in the the
uncontrolled activation of osteoclastogenesis. Therefore, the use of a murine
monocytic cell line RAW 264.7 gives researchers the opportunity to test the
effects of RANKL in a controlled manner. In addition RAW 264.7 cells are readily
accessible and constitute a homogenous cell culture system. As described by
Collin-Osdoby et al. (2003) a large number of osteoclasts can be generated from
RAW 264.7 cells and they have been shown to have high resorptive capabilities.
As a result, the RAW 264.7 cell culture system is currently the preferred method

of culturing and studying osteoclasts.
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2.0 OVERVIEW AND HYPOTHESIS

Osteoporosis is a serious and prevalent bone disease that results
in the loss of bone mass through osteoclast-mediated bone resorption. Current
therapies have either been shown to be associated with severe side-effects after
long-term usage (SERMs, Bisphosphonates), or have issues of bioavailability
that render them largely ineffective (nasal salmon-Calcitonin). Newer therapies
such as denosumab are not yet fully established, and so the potential long-term
efficacy and side-effects remain to be confirmed.

Of the above mentioned therapies, salmon calcitonin (sCT) is the therapy
associated with the least side-effects. The main reason for sCT not currently
being a frontline therapy is poor bioavailablity when administered either nasally
or parenterally. Studies have shown that a majority of the administered dose of
sCT never reaches the bone microenvironment, and so the effect is minimized
considerably. As a result, we believe that targeting sCT directly to osteoclasts in
the bone microenvironment will circumvent the issue of bioavailablity to a great
degree. We propose that sCT should be delivered to osteoclasts using a system
that targets the sCT payload directly to these cells. The target we propose to use
is the surface receptor RANK (receptor activator of NFkB). Targeting RANK with
sCT will result in the delivery of sCT to all cells that display RANK on their
surface. While this will include cells other than osteoclasts, sCT does not have

any effect on any RANK-displaying cells other than osteoclasts.

Rationale for a “CT- anti-RANK” Conjugate
As was discussed in earlier chapters, RANK and CTR both exist on

numerous different cell types. For example, RANK can be found on dendritic
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cells and is an essential part of T cell — dendritic cell communication. Therefore it
is fair to speculate that dosing with a conjugate that targets RANK will result in
the targeting of all of these other cell types. This is where the importance of CT
as the therapeutic molecule is truly recognized. CTRs, while they are found on
several other cell types, are predominatly found on one type of cell that also
contains RANK on its surface. These cells are the bone resorbing osteoclasts.
Therefore we propose that while a RANK-targeting conjugate will bring CT in
close proximity to other cell types, there will be no effect on these cell types
unless they express CTRs. As mentioned above, osteoclasts contain both, and
therefore will be the major cell type to be affected by the delivery of CT in their
microenvironment.

Therefore, our general hypothesis is: The osteoclast surface receptor
RANK can be used as a target to deliver therapeutic anti-resorptive
peptides such as calcitonin directly to osteoclasts. In order to test our
general hypothesis, we will explore three sub-hypotheses that have been

outlined below along with the specific aims associated with each sub-hypothesis.

Sub-Hypothesis # 1: Osteoclast precursors (RAW 264.7 cells) can be targeted

using antibodies to the receptor RANK, without any unwanted stimulation of

osteoclastogenesis.

Specific Aim _1: To confirm the dose-dependent targeting of Anti-RANK

molecules to the receptor RANK on precursor RAW 264.7 cells.
We will use monoclonal antibodies (MAbs) that target RANK, and

detect their localization on monolayers of RAW 264.7 cells using an
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enzyme-conjugated secondary antibody and an ELISA. The colorimetric
intensity of the ELISA will be quantified using an automated plate reader.

Specific _Aim _2: To use molecular techniques to confirm that

osteoclastogenesis has not been triggered following treatment of RAW
264.7 cells with Anti-RANK.

Monolayers of RAW 264.7 cells will be treated with either anti-
RANK MAb or RANKL, and be harvested at 24 hr after dosing for
reverse-transcription polymerase chain reaction (RT-PCR). Expression of
the downstream gene NFATc1 will be used to indicate the triggering of

the RANK receptor.

Sub-Hypothesis # 2: Dosing mature osteoclasts in vitro with an anti-Calcitonin

antibody conjugated to calcitonin [CT- (anti-CT)] should result in the delivery the

calcitonin to its receptors on osteoclasts.

Specific Aim 3: To determine whether the dosing of mature osteoclasts

with a CT-(Anti-CT) immunoconjugate results in the delivery of CT to its
high-affinity receptors on osteoclasts.

Osteoclasts will be generated from RAW 264.7 cells and seeded
onto a 24-well plate. This monolayer of osteoclasts will then be treated
with the CT- (anti-CT) molecule, which formed by the conjugation of CT to
polyclonal anti-CT molecules. The treatment group wells will be subjected
to an ELISA using a secondary antibody that recognizes CT, and the

colorimetric change will then be analyzed qualitatively.
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Sepcific Aim 4: To determine whether upon delivery of CT to its high-

affinity receptor on osteoclasts, the antigen will detach itself from the
complex and cause the anti-CT antibodies to be washed away.

Following treatment of an osteoclast monolayer with the CT-(anti-CT)
conjugate, an ELISA is performed using a secondary antibody that
recognizes the polyclonal anti-CT molecules. The colorimetric change will

be analyzed qualitatively.

Sub-Hypothesis # 3: The conjugation of biotinylated Calcitonin and biotinylated

Anti-RANK to streptavidin will result in the formation of a conjugate CT-ST- anti-
RANK that will target osteoclast receptors in vitro, thereby introducing CT into the

microenvironment.

Specific Aim 5. To determine if the delivery of the CT-ST-anti-RANK

conjugate onto immobilized RANK results in the Anti-RANK arm targeting
RANK, thereby delivering CT into the osteoclast-mimicking
microenvironment.

Recombinant soluble human RANK will be immobilized onto the
wells of a 24-well plate, and treated with a CT-ST-anti-RANK conjugate
that will be formed by conjugating equimolar amounts of CT and anti-
RANK to ST in a two-step conjugation. Then an ELISA will be performed
using a secondary antibody that will detect the presence of CT in the
osteoclast-like environment. A plate reader will be used to measure the

colorimetric change.
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3.0 MATERIALS AND METHODS

3.1 Growing, Propagating, and Stocking of RAW 264.7 cells

RAW 264.7 cells were purchased from ATCC (VA, USA) and thawed first
on dry ice (20min) and then in water (1 minute). GIBCO High Glucose 1X
Dulbecco’s Modified Eagle Medium (DMEM) was then added to the thawed out
RAW 264.7 cells, and spun down at room temperature (RT) for 7min at 485¢g in a
centrifuge. The GIBCO DMEM was purchased from Invitrogen (CA, USA) and
contained 4.5 g/L D-Glucose, L-Glutamine, and 110 mg/L Sodium Pyruvate. The
DMEM then had 5% FBS and 1% Penicillin-Streptomycin (10000 U/ mL;
Invitrogen) added to it, resulting in RAW 264.7 cell culture medium. The pellet
recovered following the centrifuging was then resuspended in 25mL of RAW
264.7 culture media (DMEM, +FBS, +Penicillin-Streptomycin) and transferred to
a CORNING 75 cm? Canted Neck flask (Corning International, NY, USA). The
flask was then placed in a Thermo Fisher Scientific Water Jacketed CO,
incubator (37°C, 5% CO,) until the cells were confluent (3-5 days).

Following the achievement of confluence, the cells in the flask were
scraped using a BD Falcon Cell Scraper (BD Biosciences, MA, USA), collected in
a 50mL BD Falcon tube, and then spun down in the centrifuge (RT, 7min, 485g).
The supernatant was decanted, and the pellet was resuspended in 10mL of
media. The resuspended cells were then divided into two 75 cm? flasks, and a
further 20mL of RAW 264.7 culture media was added to each flask. Media was
also added to the parent flask, which was returned to the incubator to serve as
backup. The cells in the two daughter flasks were labeled as Passage 1 (P1) and

placed in the incubator for 48hrs, after which the process of dividing and
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propagating the cell culture was repeated as described above, until the cells
reached P8 (i.e., 8 propogations)

Upon reaching P8, the cells from the two P8 flasks were scraped,
collected, and centrifuged (RT, 7min, 4859g). The cells the first Falcon tube were
then resuspended using 13.5mL FBS and 1.5mL of Dimethylsulfoxide (DMSO;
Sigma-Aldrich, MO, USA), and this suspension was transferred to the second
Falcon tube to resuspend the second pellet. The 15mL suspension was then
aliquoted into cryovials (1mL/cryovial) and placed at -80°C in a slow-freeze
cryovial box, and transferred to liquid nitrogen after 24hrs for long-term storage.

To propagate RAW 264.7 cells from the liquid nitrogen stock, the cryovial
is placed on dry ice (20min), followed by ice (15min), and then room temperature
to thaw out the RAW 264.7 cells in a controlled manner. The 1mL of stock is then
added to 15mL of media, and centrifuged (RT, 7min, 485g). The supernatant is
discarded, and the pellet is resuspended in 25mL of media and transferred to a

75cm? flask and placed in the CO, incubator until the cells reach confluence.

3.2 Triggering Osteoclastogenesis in a 24-well Plate

To generate osteoclasts in a 24-well plate, RAW 264.7 cells are first
scraped and collected from one 75cm? flask, centrifuged, and resuspended in
25mL of media. The cells are then transferred to a 24-well plate (1mL of cell
suspension/well) and placed in the CO, incubator overnight to allow the cells to
attach to the surface. After 24hrs, the culture medium in the wells is replaced with
media that has been spiked with MCSF (PeproTech, NJ, USA) and RANKL
(PeproTech, NJ, USA) at concentrations of 25ng/mL. After 24hrs, the media
from all the wells is aspirated and the wells are treated with HBSS for 1 minute.
The HBSS is then aspirated and 250uL of TRIZOL is added to each well.

80



Following 30 seconds of swirling, the cells in each well are scraped using a cell
scraper, and collected in microfuge tubes. The tubes are all vortexed, and
allowed to sit at room temperature for 5 min after which they are vortexed again
and placed in the -20°C (if RNA Extraction will be performed later) or 4°C (if RNA

Extraction is to be performed the same day).

3.3 RNA Extraction and Reverse Transcription

The RNA from the RAW 264.7 cells was isolated using a QIAGEN
RNeasy Mini Kit (QIAGEN Sciences, MD, USA). The procedure involves first
separating nucleic acids from proteins using Chloroform:lsoamyl Alcohol
(300uL/mL of TRIZOL), before treating the sample with DNase to degrade DNA.
The sample is then applied onto a membrane that selectively binds RNA while
allowing contaminants to be washed away. The RNA is then eluted using a
proprietary elution buffer provided by QIAGEN Sciences. Following extraction, a
small volume of RNA from each sample was treated with SYBRgreen Il reagent
(Molecular Probes, Oregon, USA) before being inserted into a Fluorimeter. The
Fluoroskan Ascent program was then used to quantify the RNA in each sample
using the wavelengths of excitation (460nm) and emission (535nm). Following
determination of RNA concentration in each sample, appropriate dilutions were
carried out in order to have up to 1ug of RNA in a 30pL volume for Reverse
Transcription into cDNA. Reverse transcription of RNA to cDNA was carried out
using the QIAGEN Omniscript RT Kit (QIAGEN Sciences, Maryland, USA).
Briefly, 30uL of each sample was treated with 10uL of a master mix that was
made up by mixing the provided RT buffer, dNTPs, random primers (hexamers,
pd(N)es), RNAGuard, and Reverse Transcriptase enzyme as described by
QIAGEN. Upon treating all the samples with the 10uL of the master mix, the
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tubes are incubated in a 37°C water bath for 1 hour. After the incubation, each
sample was diluted by adding 110uL of ultra-pure H,O, spun down for 15

seconds, and placed at -30°C for future use.

3.4 PCR amplification of NFATc1

In order to amplify NFATc1 from the cDNA samples, a QIAGEN Taq DNA
Polymerase Kit was used. First, amplification of the housekeeping gene GAPDH
by the Polymerase Chain Reaction allowed for the equalization of the amount of
DNA in the samples. The forward and reverse GAPDH primers used were: 5'-
GGTCGGTGTGAACGGATTTG-3* and 5-GTGAGCCCCAGCCTTCTCCAT-3
(Kruse et al., 2002). Upon completion of 30 cycles of PCR (94°C, 54°C, 72°C),
the samples were loaded onto a 2% Agarose gel and run for 1hr at 100 V. The
gel was then soaked in ethidium bromide for 30 minutes, and then soaked in
water for 30 minutes. Then the gel was placed under UV light in the Alpha
Imager to record the results. The samples were then equalized, i.e., analyzed to
ensure that there was equal expression of GAP, therefore suggesting equal
amounts of genomic DNA in all samples. The NFATc1 gene was then amplified
by PCR (40 cycles; 94°C, 45°C, 72°C) wusing the primers: 5'-
GGTAACTCTGTCTTTCTAACCTTAAGCTC-3’ and 5-
GTGATGACCCCAGCATGCACCAGTCACAG-3' (Asagiri et al., 2005). The PCR
products were then run on a 2% agarose gel, and visualized using ethidium

bromide staining as described above.

3.5 Generation and Visualization of Osteoclasts

3.5.1 Determining the Ideal Seeding Density for Osteoclast Formation
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RAW 264.7 cells were scraped from a flask, spun down in a centrifuge,
and resuspended in 15mL of media. The number of cells in the suspension was
measured by loading 10uL of the suspension onto a Bright-Line Hemacytometer
(Hausser Scientific, PA, USA). Following the determination of the concentration
of the culture suspension, serial dilutions were conducted resulting in 2mL each
of 2x10°, 1x10°, 1x10°, and 1x10* cells/mL. The cells were seeded onto wells of
24-well plate such that each concentration of cells was seeded in quadruplicate
(4 wells, at 1mL/well). In order to grow osteoclasts, dosing with peptide factors
MCSF and RANKL (PeproTech, NJ, USA) at 25ng/mL is repeated every 48hrs
for 7 days. On Day 8, osteoclasts can be visualized by staining for Tartrate-

resistant acid phosphatase (TRAP).

3.5.2 Generating osteoclasts in a 25 cm? flask

RAW 264.7 cells were scraped from a flask, spun down in a centrifuge,
and resuspended in 15mL of media. The number of cells in the suspension was
measured by loading 10uL of the suspension onto a hemacytometer. Following
the determination of concentration of cells in the suspension, 25mL of cells at
1x10* cells/mL was made up and used to seed all wells of a 24-well plate
(1mL/well). Following dosing with MCSF (PeproTech, NJ, USA) and RANKL
(kindly provided by Dr.Suresh) every 48hrs over the course of 7 days,
osteoclasts were scraped using a cell scraper. The osteoclasts were then pooled
and transferred into two 25 cm? flasks. Dosing with MCSF and RANKL was
carried out every 48hrs over the course of 6 days in one flask, while the other
flask was a treated as a control and therefore only treated with cell culture media
(no peptide factors). Following 6 days of growth, osteoclasts in the first flask
were counted under a microscope after dividing the flask into 12 fields of view.
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Then, the cells in the flask were scraped and 10uL of the suspension was
analyzed using a Bright-Line Hemacytometer to determine the concentration of
undifferentiated RAW 264.7 cells. We were then able to calculate the number of

osteoclasts per mL of RAW 264.7 cells.

3.5.3 Visualizing Osteoclasts using the TRAP-activity Assay

TRAP staining was carried out using the Leukocyte Acid Phosphatase
(TRAP) Kit from Sigma-Aldrich (St.Louis, MO, USA). First, 200uL of Citrate
concentrate provided in the kit was added to 1.8mL of dH,O in a 15mL Falcon
tube, giving 2mL of Citrate solution (0.38mol/L, pH 5.4). This solution was then
transferred into a 50mL Falcon tube containing 3 mL of Acetone, resulting in 5SmL
of Citrate-Acetone solution. Also, two Falcon tubes filled with 46mL and 48mL of
dH,O respectively were placed in a 37°C water bath for use later in the process.
The principle behind staining for TRAP activity involves the use of napthol AS-BI
phosphates in conjunction with diazonium salts for the detection of acid
phosphatase, and it was first used in leukocytes by Goldberg and Barka (1962).
According to Sigma-Aldrich, the Acid Phosphatase Leukocyte kit used in this
study introduces tartrate along with a napthol AS-BI phosphate, which upon
contact with TRAP is enzymatically hydrolyzed resulting in the release of napthol
AS-BIl (7-Bromo-3-hydroxy-2-naphtho-o-anisidine). Napthol AS-BI then couples
with the stable diazonium fast garnet GBC salt that is formed in the presence of
sodium nitrite in an acidic medium, resulting in the formation of insoluble maroon
deposits at sites of acid phosphatase activity. Cells containing tartrate-sensitive
acid phosphatase are devoid of enzymatic activity due to the introduction of
tartrate into the system in the first step, and therefore do no show any maroon
deposits in the cells. Following the staining for TRAP activity, hematoxylin is
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added to the system in order to stain all TRAP-negative cells a dark blue/black
colour. This enables easy visual identification of osteoclasts against a
background of undifferentiated RAW 264.7 cells The media from each well of the
24-well plate is aspirated, and replaced with warm HBSS (1mL/well). After 1
minute, the HBSS is aspirated and 270uL of the Citrate-Acetone solution is
added to each well. The Citrate-Acetone is aspirated after 45 seconds, and 1mL
of dH,0 is added to each well and the plate is placed back in the CO, incubator
for 15 minutes. During the 15 minute treatment with dH,O, the two Falcon tubes
are removed from the water bath and labeled as Solutions A (46mL) and B
(48mL). Add 2mL of the provided Acetate solution (to give 2.5mol/L, pH 5.2) and
Naphthol AS-Bl Phosphoric Acid solution (12.5 mg/mL) to each tube. To Solution
A, add 2mL of Tartrate solution (to give 0.67/mol/L, pH 5.2). Then, add the
powder from one Fast Garnet GBC Salt capsule to each of Solutions A and B.
Swirl the tubes for 30 seconds, and then filter through a No.1 Whatman filter
paper into two new Falcon tubes. Place the filtered Solutions A and B in a water
bath (37°C) for 10min. Aspirate the dH,O from the wells, then add 1mL of
Solution A to half the wells and 1mL of Solution B to the other half. Place the
plate in the 37°C CO, incubator for 1 hour. After the incubation, aspirate the
solutions from the wells, and add 1mL of dH,O to each well. Aspirate after 30
seconds, and add 1 mL of Hematoxylin (1 g/L, pH 3.3 at 25°C) from the kit to
each well. Let sit for 5 min, then aspirate and add 1mL of dH,O to each well set
aside for 3 min. Then, aspirate the dH,O and air-dry in a biosafety hood for 15-
30min or until there is no visible wetness. Osteoclasts can then be detected by
viewing wells treated with Solution B under a microscope. Using a camera
attached to the microscope, the results were recorded as images for later
analysis.
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3.6 Resorption assay

Effect of drug intervention on resorption by osteoclasts

Osteoclasts were generated in a 25cm? flask by dosing RAW 264.7 cells
seeded at 1x10* cells/mL with M-CSF and RANKL as described earlier. Following
6 days of growth in the flask, osteoclasts were scraped and counted under a
microscope before being seeded onto six wells of a 16-well BD Biosciences
Osteologic Slide (BD Biosciences, MA, USA). Three other wells involved in the
treatment were left empty to serve as a negative control. All nine wells were
treated with M-CSF and RANKL for three days, after which three out of the six
osteoclast-seeded wells were treated with Risedronate (50uM) everyday over the
course of 3 days while the other three osteoclast-seeded wells and the negative
control wells (i.e., no-cell control) were dosed only with M-CSF and RANKL. After
3 days, high magnification pictures were taken using a camera connected to a
microscope (courtesy of Dr. El-Bialy) before the structure forming the wells of the
slide was removed as per instructions provided by BD Biosciences. The slide
was then placed in a petri-dish and washed with MQ H20O. The slide was then
soaked in bleach for 10min before being washed 3X with MQ H20. Next, the
slide was soaked in 0.1% Toluidine solution for 5 minutes, and subsequently
washed 3X with MQ H2O. Following air-drying, the slide was viewed under the
microscope and high magnification images of the osteologic (Calcium
Phosphate) material remaining on the slide were recorded. In order to quantify
the resorptive effect of osteoclasts, the images were analyzed using the java-

based image-processing program ImageJ (NIH, USA).
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3.6 Enzyme Linked Immunosorbent Assays against various antigens

3.6.1 Binding of a monoclonal antibody to RANK on RAW 264.7 cells

RAW 264.7 cells were seeded onto wells of a 96-well plate and allowed to
attach overnight. The cells were washed three times with 0.01M PBS, and then
blocked with a 2% BSA-PBS solution for 1.5 hours at 37°C. Following three more
washes with 0.01M PBS, mouse monoclonal antibody to RANK (Biocarta, San
Diego, USA) was spiked into wells of each treatment group at different
concentrations (1ug/mL, 5 ug/mL, and 10ug/mL). After 1.5 hours of incubation at
37°C, the wells were washed three times with 0.01M PBS and Goat Anti-Mouse
IgG-HRPO (provided kindly by Dr.Suresh) was added to each well. The plate
was incubated at 37°C for 45 minutes before TMB (provided by Dr. Suresh),
which is a substrate for HRPO, was added to each well. The colorimetric change
was measured at an absorbance of 650nm using a BioTek EL 808 automated

plate reader (BioTek Instruments Inc., Winooski, VT)

3.6.2 Delivery of Calcitonin to Osteoclasts by an Anti-CT Carrier Antibody

RAW 264.7 cells were seeded overnight onto wells of a 24-well plate and
dosed with MCSF (25ng/mL) and RANKL (25ng/mL) the following day. Dosing
with peptide factors was carried out every 48hrs over the course of 7 days. In the
meantime, human Calcitonin was purchased in a biotinylated form (AnaSpec,
San Jose, USA) and reconstituted first in water and then PBS as per the
recommendations. Human Calcitonin was then complexed, in equimolar
quantities, with Rabbit polyclonal antibodies to human Calcitonin (Biocare
Medical, CA, USA). Upon formation of osteoclasts, the wells were blocked with
1% BSA-PBS for 1.5hrs and washed three times with 0.01M PBS before being
treated with the Antibody-Calcitonin complex. After 1.5hrs, the wells were
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washed three times with 0.01M PBS. Half the wells were then treated with Goat
Anti-Rabbit antibody-HRPO to detect the rabbit carrier antibody while the other
wells were treated with Streptavidin-HRPO to detect free Calcitonin. Pictures
were then taken of the wells using a camera and the results were analyzed

qualitatively.

3.6.3 Binding of the CT-ST-(Anti-RANK) conjugate to immobilized RANK

Soluble human RANK (10ug/mL) was added to 12 wells of a 96-well High
Protein-Binding plate to a final concentration of 1ug/well, and allowed to attach
overnight at 4°C. The same coating technique was carried out for 12 more wells.
The wells were washed three times with 0.01M PBS, and then blocked with a 2%
BSA-PBS solution for 1 hour at 37°C. Following three more washes with 0.01M
PBS, the CT-ST-(Anti-RANK) conjugate was added at two concentrations (1/100
and 1/500) in triplicate to RANK-coated and BSA-coated wells. Biotinylated CT
(10mg/mL) and PBS were also each added in triplicate to both the RANKL-
coated and BSA-coated wells. After 2 hours of incubation at 37°C, the wells were
washed three times with 0.01M PBS and Rabbit anti-human Calcitonin (Biocare
Medical, CA, USA) was added to all the wells. The plate was incubated at 37°C
for 1hr, washed, and treated with Goat Anti-Rabbit antibody-HRPO. After 45
minutes of incubation at 37°C, TMB substrate was added to each well. The
colorimetric change was measured at an absorbance of 650nm using a BioTek

EL 808 automated plate reader.
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3.7 Formation of CT-Streptavidin-(Anti-RANK) Conjugate

The formation of the CT-Streptavidin-(Anti-RANK) conjugate was carried
out by mixing biotinylated- human CT (Anaspec) and biotinylated murine Anti-
human soluble RANK (Peprotech), or simply Anti-hRANK, in equimolar amounts
such that the mixture contained 2 x 107" moles of each reactant. After mixing
them well, 1 x 10™'° moles of streptavidin (Invitrogen) was added to the mixture of
biotinylated hCT and Anti-hRANK. The three reactants were mixed well and
placed at room temperature for 2 hours. Following the incubation at RT, the
conjugation mixture was placed at 4°C overnight. The following day, a 1/100 and
1/500 dilution of the conjugate mixture was analyzed using an enzyme-linked
immunosorbent assay that was carried out on wells containing immobilized

human soluble RANK (Peprotech, NJ, USA) as described in 3.7.3 above.

3.8 Statistical Tests

All results on figures are presented as the mean + standard error of the
sample group. The statistics for all values seen in figures and tables were
computed using the Microsoft EXCEL program. Unpaired two-tail t-tests were
carried out, and significance between groups was reported if the P-value was

below 0.05.
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4.1 Triggering osteoclastogenesis in RAW 264.7 cells

Following a 24hr treatment of RAW 264.7 cells in triplicate with M-CSF
(25ng/mL) and varying concentrations of RANKL (Ong/mL, 5ng/mL, 10ng/mL),
the cells were harvested using TRIZOL. The cells from the three wells of each
treatment were pooled and the RNA was extracted, mRNA was transcribed to
cDNA, and PCR was used to amplify the NFATc1 gene as has been described
earlier. The results (Fig. 4.1) were acquired by visualization under UV light using
the Alpha Imager. The DNA from RAW 264.7 cells that were treated with M-CSF
(25ng/mL) and Ong/mL of RANKL showed a very light band at ~400bp, while
DNA from RAW 264.7 cells treated with M-CSF (25ngmL) and 5ng/mL of RANKL
showed a brighter band at the same position. The brightest band seen was from
the DNA of RAW 264.7 cells that were treated with M-CSF (25ng/mL) and

10ng/mL of RANKL.

4.2 Generation and Visualization of Osteoclasts in vitro

RAW 264.7 cells were seeded in duplicate at 2x10°, 1x10°, 1x10°, and
1x10* cells/mL onto wells of a 24-well plate, The cells were then dosed with M-
CSF and RANKL every 48hrs over the course of 7 days. Following TRAP
staining, images of a mature osteoclast was recorded using regular as well as
phase-contrast microscopy (Fig.4.2). The number of osteoclasts generated from
each concentration of RAW 264.7 cells was recorded using a microscope, and
the size of the osteoclasts was determined qualitatively: osteoclasts that had less
than four nuclei were labeled ‘medium-sized’ whereas osteoclasts with over 4
nuclei were labeled as being ‘very large’. There were no mature osteoclasts seen
in wells that were seeded with RAW 264.7 cells at 2x10% and 1x10° cells/mL, and
an average of 19 medium-sized osteoclasts were seen in the two wells of RAW
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264.7 cells that were seeded at 1x10° cells/mL (Fig.4.3). No large osteoclasts
were seen in either of these three treatments. In wells that had RAW 264.7 cells
seeded at 1x10* cells/mL, there was an average of 27.5 medium-sized

osteoclasts and also an average of 9 very large osteoclasts (not shown in data).

4.3 Testing the efficacy of Osteoclasts using an in vitro resorption assay
Mature osteoclasts were grown in a flask and seeded onto 6 wells of 16-
well slide coated with osteologic material (calcium phosphate). Of the six
osteoclast-seeded wells, the osteoclasts in three were dosed with Risedronate
after 3 days while the other three osteoclast-seeded wells were allowed to
continue growing in the presence of M-CSF and RANKL for another 4 days. The
three wells that contained no cells were also treated with M-CSF and RANKL for
another 4 days. At the end of the experimental period, the osteoclasts on the
osteologic material were visually analyzed under a microscope (Fig. 4.4 A). The
osteoclasts were then washed off using bleach and the osteologic material was
stained with toluidine blue that allowed for visualization of osteoclast-formed pits
following the removal of osteoclasts (Fig. 4.4 B). When analyzed visually, the
osteoclast-seeded wells that were treated with Risedronate showed a high level
of calcium phosphate conservation when compared to the untreated osteoclast
wells, but the level of conservation appeared in Risedronate-treated osteoclast
wells seemed lower than that seen in the negative control (Fig. 4.5). Using the
Image J software, the full colour images were converted ino binary images by
applying a threshold. The number of black and white pixels was then measured
using Image J software, and it was determined that the percentage conservation
of calcium phosphate in Risedronate-treated osteoclast wells was significantly
higher than that seen with the untreated osteoclast wells (Fig. 4.6). The three
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negative control wells, none of them seeded with any cells, showed a very high
level of calcium phosphate. However, the difference between the amount of
resorption seen in negative control and the Risedronate-treated osteoclasts was
not significant.

4.4 Treatment of RAW 264.7 cells with the Anti-RANK antibody

4.4 1 Binding of Anti-RANK to RANK on RAW 264.7 cells

RAW 264.7 cells were seeded onto 16 wells of a 96-well plate overnight
and 12 of these wells were treated with 1ug, 5ug and 10ug of murine anti-RANK
in triplicate the following day. The four other RAW 264.7-seeded wells were left
untreated. An ELISA was then performed using goat anti-mouse IgG-HRPO.
TMB substrate was then added to these wells and the colorimetric change was
measured at 650nm using BioTek EL808 plate reader (Table 4.1). The
colorimetric change was lowest in RAW 264.7 cells treated with BSA-PBS
(NCON1). The colorimetric change in RAW 264.7 cells treated with 1ug of anti-
RANK was slightly, yet significantly, higher than that seen in NCON1. There was
a doubling in the colorimetric change in cells treated with 5ug of anti-RANK when
compared to NCON1, and this change was deemed to be significant. Cells
treated with 10ug of Anti-RANK showed a significant colorimetric change when
compared to that seen in the negative control NCON1, and was 1.67 times
higher than the colorimetric change seen in cells treated with 5ug of anti-RANK.
The colorimetric change was also significantly different between the three anti-
RANK treatments. A photograph was taken in order to allow for a visual

qualitative analysis (Fig.4.7)
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4.4.2 NFATc1 levels in RAW 264.7 cells after treatment with Anti-RANK

RAW264.7 cells were seeded onto 16 wells of a 24-well plate overnight
and then then treated with Oug (NCON1), 5ug, 10ug, and 20ug of anti-RANK for
24 hours before subsequently being harvested. Following RNA extraction and
conversion to cDNA, a PCR was performed to amplify the NFATc1 gene.
Following staining with ethidium bromide, the DNA bands were visualized using
the Alpha Imager (Fig.4.8). The band at ~400bp was very weak, and of very

similar intensity in all of the treatments.

4.5 Dosing mature osteoclasts with bCT-(Anti-CT) immunoconjugate

Mature osteoclasts were generated and seeded onto 10 wells of a 24-well
plate. Of these, 6 wells were treated with a conjugate that was created by
reacting biotinylated human calcitonin to a polyclonal antibody to human
calcitonin. The other 4 wells were treated only with PBS. Then, an ELISA was
performed on 3 conjugate-treated osteoclast wells and 2 PBS-treated wells using
a detection strategy that used a goat anti-rabbit - HRPO complex to detect the
polyclonal rabbit anti-CT antibody. Using this detection strategy, the colorimetric
change seen in osteoclasts treated with the conjugate appeared to be very very
low, if any, and was the same as that seen in osteoclasts treated with PBS
(Fig.4.9). The remaining 3 conjugate-treated osteoclast wells and 2 PBS-treated
wells were subjected to an ELISA using a second detection strategy that utilized
streptavidin-HRPO to detect biotinylated human calcitonin. The colorimetric
change seen in these three osteoclast-seeded wells was clearly noticeable and

visibly higher than the colorimetric change in osteoclasts treated with PBS.
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Fig. 4.1: NFATc1 amplification of cDNA showing bands of varying intensity at
400kb following 24hr treatment of RAW 264.7 cells with 20ng/mL of M-CSF and
increasing concentrations of RANKL: Ong/mL, 5ng/mL, 10ng/mL in lanes 1,2 and
3 respectively. Note that the higher of the two 400bp bands in lane 1 is the
lightest, the band in lane 2 is more intense, and the band in lane 3 is the most
intense. The lower band is that of an isomer, NFATc2.

Fig. 4.2: Images of a mature osteoclast that was generated following 7 days of
treatment with 20ng/mL of M-CSF and 20ng/mL of RANKL. Clearly visible in both
A (regular) and B (phase contrast), is the multi-nucleated nature of the osteoclast
as well as the surrounding cytoplasmic membrane. The small darker cells around
the osteoclast in both images are partially differentiated or undifferentiated RAW
264.7 cells.
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Effect of Seeding Density on Osteoclast Formation
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Seeding Density

Fig. 4.3: Comparison of the number and size of osteoclasts generated from RAW
264.7 cells seeded at different densities in duplicate and treated with M-CSF and
RANKL over the course of 7 days. The average number of medium-sized (<5
nuclei) osteoclasts was a lot higher in cells seeded at 1 x 10° cells/mL than in
cells seeded at 2 x 10° cells/mL and 1 x 10° cells/mL. RAW 264.7 cells that were
seeded at 1 x 10* cells/mL produced the highest number of medium-large
osteoclasts (more than double that of 1 x 10° cells/mL), and were the only cells to
produce very large osteoclasts medium-large osteoclasts (more than double that
of 1 x 10° cells/mL).
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Fig. 4.4: (A) Image of a TRAP-stained osteoclast that is in the process of
resorbing calcium phosphate. (B) Toluidine staining of calcium phosphate
following the removal of osteoclasts shows clearly the resorption pits (white)
formed by osteoclasts in the calcium phosphate (brown) system.

Fig. 4.5: Images showing the calcium phosphate wells following 0.1% toluidine
treatment, with the white area being the Calcium Phosphate mineral and the dark
areas being the resorptive clearings. (A) Risedronate-treated osteoclast-seeded
well: the conservation of calcium phosphate in the three wells appears to be very
high. (B) Untreated Osteoclast-seeded wells: There appears to be little to no
calcium phosphate remaining these wells where osteoclasts were not treated
with the anti-resorptive drug. (C) Unseeded wells (NCON): there appears to be
complete conservation of calcium phosphate in these NCON wells.
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Fig. 4.6: Statistical analysis carried out using densitometry measurements
showing that osteoclasts treated with Risedronate (n=3) resorbed significantly
less calcium phosphate than untreated Osteoclasts (n=3), and that the difference
between the conservation of calcium phosphate between Risedronate-treated
cells and the no-cell NCON wells (n=3) was not significant.

Sample Wells Avg. A650nm Variance
RAW cells + BSA-PBS (NCON1) A1-A4 0.044 48x10°
RAW cells + 1 pg Anti-RANK C1-C4 0.054 * 6.0x 10°
RAW cells + 5 pg Anti-RANK E1-E4 0.101* 2.6x10°
RAW cells + 10 ug Anti- RANK F1-F4 0.169 * 6.8 x 10°
*p<0.05

Table 4.1: Quantitative results of the ELISA performed on RAW 264.7 cells,
using spectrophotometry (650nm) to analyze the binding of anti-RANK to RANK
on these cells. RAW 264.7 cells treated with 1ug of Anti-RANK showed a small
but significant colorimetric change when compared to RAW cells treated with
BSA-PBS (NCON1). Cells treated with 5ug of Anti-RANK showed a significant
colorimetric change than that seen in NCON1, and those treated with 10ug of
Anti-RANK showed a significant change that was nearly quadruple that seen in
the NCON1 treatment.
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Fig. 4.7: Qualitative results of the ELISA carried out to observe the dose-
dependent binding of anti-RANK to RAW 264.7 cells. The cells treated with BSA-
PBS (Row A) and those treated with 1mg of Anti-RANK (Row C) show no visible
colorimetric change. Cells treated with 5mg of Anti-RANK (Row E) are shown to
display a light blue colour, and those treated with 10mg of Anti-RANK (Row F)
show a darker and more intense blue colour.

Ultra-Pure
Water
(NCON 2)
ANTI-RANK TREATMENT
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Fig. 4.8: Amplification of NFATc1 from cells treated with BSA-PBS (lane 1), ultra-
pure water (lane 5), and varying quantities of anti-RANK. The intensity of the
band at ~400bp in cells treated with 5ug (lane 2), 10ug (lane 3) and 20ug (lane 4)
appears to be the same as that seen in the two negative controls.
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Osteoclasts + CT-Anti-CT Conjugate Osteoclasts + PBS

ELISA using Goat
Anti-Rabbit-HRPO

Osteoclasts + CT-Anti-CT Conjugate Osteoclasts + PBS

ELISA using
Streptavidin-HRPO

Fig. 4.9: Results of the ELISA conducted on mature osteoclasts treated with the
PBS (NCON) and the CT-(Anti-CT) conjugate, as determined qualitatively. (A)
The first detection strategy using goat anti-rabbit — HRPO to detect anti-CT in
CT-anti-CT treated osteoclast suggests that there is very little, if any, colorimetric
when compared to that of the PBS-treated osteoclast control. (B) The second
ELISA strategy using streptavidin-HRPO to detect free CT suggests that the
colorimetric change is very high in CT-anti-CT treated osteoclasts when
compared to the PBS-treated osteoclast control.
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4.6 Delivery of the CT-ST-anti-RANK conjugate to osteoclast receptors
Following the generation of the CT-ST-anti-RANK conjugate by
the two-step conjugation method, the conjugate was diluted into 1/100 (C1) as
well as 1/500 (C2) in order to carry out an ELISA on RANK-coated 96-well plates.
To perform the ELISA, 12 wells of a 96-well high-protein binding plate had been
coated overnight with BSA (as a control) and another 12 wells were coated with
soluble RANK. Then, each dilution of the conjugate was administered in triplicate
to the BSA-coated control wells as well as the RANK-coated treatment wells.
Free biotinylated-CT and BSA-PBS was added in triplicate to 3 treatment wells
and 3 control wells each. Upon detection using a rabbit anti-CT antibody followed
by goat anti-rabbit-HRPO, an image was recorded using a digital camera in order
to allow for visual analysis (Fig.4.10). In addition, the colorimetric change was
measured using the BioTek EL 808 automated plate reader at 650nm (Fig 4.11).
There was no colorimetric change seen in BSA-coated wells treated with C1 or
C2. This was also the case for BSA-coated wells treated with BSA-PBS, and only
a very slight colour change was seen in BSA-coated wells treated with free b-CT.
There was also very little colour change in RANK-coated wells that were treated
with b-CT, and no colour change in those treated with BSA-PBS. There was
however, a significant colorimetic change in RANK-coated wells treated with the
C2 dilution of the conjugate when compared to the RANK-coated wells treated
with CT. There was also a significant colorimetric change in RANK-coated wells
treated with the C1 dilution of the conjugate when compared to RANK-wells

treated with free CT.
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Fig.4.10: Visual confirmation of the increased colorimetric change in RANK-
coated wells treated with Conjugate 1(1/100) and Conjugate 2 (1/500) when
compared to the BSA-coated wells that received the same treatment. There is
also a visibly higher colorimetric change between the conjugate-treated RANK-
coated wells when compared to the CT-treated RANK-coated wells.
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Fig. 4.11: Data showing a significant difference between the colorimetric change
seen at 650nm between conjugate (1/100 and 1/500)-treated RANK-coated wells
when compared to the conjugate (1/100 and 1/500) -treated BSA-coated wells
(*). RANK-coated wells treated with conjugate (1/100 and 1/500) also showed
significantly higher colorimetric change when compared to RANK-coated wells
treated with CT (**)
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5.1 CONCLUSION

Yoshida et al. (1990) and Kong et al. (1999) were the first researchers to
find that the presence of M-CSF and RANKL, respectively, was crucial to the
formation of mature osteoclasts in mice. In the case of RAW 264.7 cells, which
are murine in origin, Hsu et al. (1994) confirmed that RANKL was essential for
the promotion of osteoclastogenesis. With regards to M-CSF however, studies
have suggested that while RAW 264.7 cells do express the c-fms receptor
(Shadduck et al., 1993), they may also express M-CSF (Osdoby et al., 2003) and
therefore M-CSF supplementation may not be critical for the triggering of
osteoclastogenesis in RAW 264.7 cells. M-CSF is a permissive factor however,
and the addition of more M-CSF results in a higher expression of RANK (Hsu et
al., 1999). Based on this, we chose to treat RAW 264.7 cells with 25ng/mL of M-
CSF in addition to RANKL in an effort to further increase RANK expression and
thereby further promote osteoclastogenesis. Upon treatment of RAW 264.7 cells
with RANKL and M-CSF, we found that osteoclastogenesis was successfully
triggered in RAW 264.7 cells as evidenced by the up-regulation of the
downstream protein NFATc1 when compared to untreated RAW 264.7 cells
which showed a basal level of NFATc1 expression. NFATc1, according to Day et
al. (2004), is one of the main nuclear factors to be regulated by RANKL during
osteoclastogenesis. NFATc1 has also been shown to be essential for the
induction of osteoclast genes (Ishida et al., 2002; Takayanagi et al., 2002).
Therefore, the upregulation of NFATc1 is a good indicator of successful
osteoclastogenesis. Additionally, there was a clear dose-dependent upregulation
of NFATc1 seen in cells that were treated in quadruplicate with Ong/mL, 5ng/mL
and 10ng/mL of RANKL. We are confident that the dose-dependent increase of
NFATc1 levels seen following treatment with RANKL confirms that
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osteoclastogenesis has indeed been triggered 24hrs after dosing (Fig.4.1). To
confirm that this triggering of osteoclastogenesis would lead to the formation of
mature osteoclasts, dosing with RANKL and M-CSF was carried out over the
course of a week. This resulted in the formation of a number of osteoclasts that
were visualized by staining for the enzyme tartrate-resistant acid phosphatase
(TRAP). TRAP has been used as a histochemical marker of osteoclasts for
several decades (Burstone, 1959), and is found in cells of the monocytic
macrophage lineage such osteoclasts and dendritic cells (Hayman et al., 2000).
The staining for TRAP activity is a technique commonly used to visualize
osteoclasts, and was used an indicator of osteoclastogenesis by Nicolin et al.
(2005). The principle behind staining for TRAP activity involves the use of
napthol AS-BI phosphates in conjunction with diazonium salts for the detection of
acid phosphatase, and it was first used in leukocytes by Goldberg and Barka
(1962). According to Sigma-Aldrich, the Acid Phosphatase Leukocyte kit used in
this study introduces tartrate along with a napthol AS-BI phosphate, which upon
contact with TRAP is enzymatically hydrolyzed resulting in the release of napthol
AS-BIl (7-Bromo-3-hydroxy-2-naphtho-o-anisidine). Napthol AS-BI then couples
with the stable diazonium fast garnet GBC salt that is formed in the presence of
sodium nitrite in an acidic medium, resulting in the formation of insoluble maroon
deposits at sites of acid phosphatase activity. Cells containing tartrate-sensitive
acid phosphatase are devoid of enzymatic activity due to the introduction of
tartrate into the system in the first step, and therefore do no show any maroon
deposits in the cells. Following the staining for TRAP activity, hematoxylin is
added to the system in order to stain all TRAP-negative cells a dark blue/black
colour. This enables easy visual identification of osteoclasts against a
background of undifferentiated RAW 264.7 cells (Fig. 4.2).
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Following the successful growth, propogation and visualization of
osteoclasts, we wanted to determine the ideal seeding density of RAW 264.7
cells for osteoclast generation, using the existing literature as a guideline. RAW
264.7 cells were first seeded onto a 24-well plate in quadruplicate at 2 x 10°, 1 x
10°, 1 x 10°, and 1 x 10* cells/mL. They were then treated with M-CSF and
RANKL over the course of a week and stained for TRAP activity. The resulting
TRAP-positive cells were qualitatively classified as being either medium-sized
(<5 nuclei) osteoclasts or very large (>4 nuclei) osteoclasts depending on the
number of nuclei in each multinucleated cell and the expanse of their cytoplasm.
The number of medium-sized and very large osteoclasts in each well was
counted under a microscope, and the average number of medium and very large
osteoclasts in each set of treatment wells was recorded (Fig.4.3). The results
show that the largest numbers of medium-sized osteoclasts were seen at the
lowest of the four seeding densities (1 x 10* cells/mL). This was also the only
seeding density that showed any very large osteoclasts. Our results suggest that
after the 1 x 10* cells/mL seeding density, the higher the seeding density of RAW
264.7 cells, the lower the number and lesser the size of osteoclasts generated in
vitro (Fig.4.3). We believe that this is as a result of there not being enough
nutrients for cell sustenance at higher seeding densities, as Mauck et al. (2003)
found to be the case with chondrocyte growth. Lower seeding density also
minimizes contact inhibition As described by Nelson et al. (2004), contact
inhibition is a phenomenon wherein cell-to-cell contact in a culture prevents cell
spreading and decreases cell adhesion to an extracellular matrix. Therefore, it
seems likely that seeding RAW 264.7 cells at a high density results in a large
number of cells becoming detached very soon after seeding as a result of contact
inhibition. The seeding density that we found to be ideal is also comparable to
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the findings of Yang et al. (2006), who suggested plating RAW 264.7 cells at 0.5-
0.6 x 10* cells/mL. In all subsequent experiments requiring osteoclast formation
from RAW 264.7 cells, the seeding density was 1 x 10* cells/mL. The next step in
our study was to determine whether the osteoclasts generated in vitro were
functional and capable of bone resorption, and whether treatment with a
bisphosphonate would result in a halting of resorption.

In order to test the efficacy of the osteoclasts as well as the effect of
bisphosphonates on their function, an experiment was designed so as answer
both questions in one assay. Osteoclasts were first grown in a 25cm? flask,
counted, and then seeded onto 6 wells of commercially available slides that were
coated with osteologic material (calcium phosphate). Three other wells were left
empty to serve as a negative control against degradation of calcium phosphate
by the media. For the first three days, all 9 wells were dosed every 48hrs with M-
CSF (25ng/mL) and RANKL (25ng/mL). After 3 days, one set (3 wells) of
osteoclast-coated wells was dosed with Risedronate (50uM) while the other set
of osteoclast-coated wells was left untreated. All 9 wells were still dosed with M-
CSF and RANKL (and Risedronate in the treatment set) every 48hrs. On day 8,
we used a digital camera connected to a microscope to record images of
osteoclasts in the process of resorbing the calcium phosphate (Fig. 4.4 A). Then,
osteoclasts were washed off using bleach, and the osteologic material was
stained using toluidine blue as described by (Kawai et al., 2006) in order to
increase the contrast between resorption clearings and un-resorbed osteologic
material. Images of all wells were recorded using a camera connected to a
microscope (4.4 B). We found that the osteoclasts successfully resorbed the
calcium phosphate coat on the wells, and using the Image J software, we were

able to statistically analyze the percentage of calcium phosphate conserved in
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each of the 9 wells. The results showed that the amount of osteologic material
resorbed by the osteoclast-seeded wells that did not receive Risedronate
treament was significantly higher than that seen in wells containing osteoclasts
that were treated with Risedronate. In fact, Risedronate-dosing was so
successful that the amount of calcium phosphate resorbed was not significantly
different than that seen in control wells that were not even seeded with cells.
These results suggest that the osteoclasts grown in this study were indeed
functional and susceptible to bisphosphonates. As a result, we have now
developled an in vitro resorption assay that can be used to conduct efficacy
studies for current as well as future novel anti-resorptive therapies.

Following the establishment of RAW 264.7 and osteoclast cell culture
techniques, we wanted to test the validity of our strategy to deliver calcitonin into
an osteoclast microenvironment using a congjuate targeting the receptor RANK

on osteoclasts.

Our first sub-hypothesis was that the surface receptor RANK on
osteoclast precursor RAW 264.7 cells could be targeted by anti-RANK in a dose-
dependent fashion, and that this binding would not trigger any
osteoclastogenesis. To test this, we first seeded RAW 264.7 cells into 16 wells
overnight and divided the wells into fours sets of four wells. The first set of wells
was treated with BSA-PBS, and served as a negative control (NCON1) while the
other three sets of wells were treated with 1mg, 5mg and 10mg of anti-RANK
respectively. The results show that the binding of anti-RANK to its ligand (RANK)
was successful in all three anti-RANK treatments, and the colorimetric change
seens in the ELISAs showed that the binding of anti-RANK to RANK on RAW
264.7 cells in all three treatment sets was significantly higher than the negative

108



control. We also showed that there was significant dose-dependency in the
binding of anti-RANK to RAW 264.7 cells (Table 4.1). We then wanted to ensure
that the binding of anti-RANK to RAW 264.7 cells did not result in any triggering
of osteoclastogenesis. To achieve this, we seeded RAW 264.7 cells into 16 wells
of a 24-well plate, and dosed them in sets of 4 with BSA-PBS (NCON1), 1ug,
5ug, and 10ug of anti-RANK. Following a 24hr incubation period with the varying
amounts of anti-RANK, the RNA from the 4 wells of each treatment set were
pooled, converted to cDNA, and had the NFATc1 gene amplified using PCR. The
result showed that there was the same, low basal expression of NFATc1 in all
four wells, suggesting that there was no upregulation of the osteoclastogenic
marker NFATc1 following anti-RANK treatment of RAW 264.7 cells (Fig. 4.8).
This can be compared and contrasted to Fig. 4.1, which shows NFATc1
upregulation. Even though these studies were carried out on RAW 264.7 cells
and not osteoclasts, the results are very important since RANK is found on
mature osteoclasts as well as their precursors (Anderson et al., 1997). Therefore,
based on the successful binding of anti-RANK to RANK on osteoclast precursor
(RAW 264.7) cells, we believe that the binding of anti-RANK to RANK on mature
osteoclasts will also be successful and non-osteoclastogenic. We believe that
anti-RANK can therefore be used as a targeting tool against osteoclasts, and this
would form the ‘targeting’ arm of our final anti-resorptive CT-ST-anti-RANK
conjugate.

Our second sub-hypothesis was that the treatment of osteoclasts with
calcitonin (CT) molecules conjugated to anti-CT antibodies would result in the
delivery of CT to the high affinity calcitonin receptors. We also wanted to

investigate whether the carrier anti-CT antibody remains attached to its CT ‘pay-
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load’ following CT’s interaction with its high affinity receptor (CTR) on
osteoclasts. To do this, we grew osteoclasts in 8 wells of a 24-well plate and
treated 6 of these wells with the CT-(anti-CT) conjugate, while the other 2 wells
were treated with just PBS. An assay was designed to look for CT and anti-CT
using two different detection strategies. The logic behind this dual-detection
design was that detecting for CT as well as anti-CT would let us know two things:
firsty, it would show us whether the CT able to bind to its receptor and stay
attached; secondly, it would let us known whether the CT-(anti-CT) conjugate
becomes dissociated into CT and anti-CT following introduction into the system.
In order to conduct 2 different ELISAs, we split the 6 wells treated with CT-(anti-
CT) into two groups of 3, and also split up the two PBS-treated osteclast wells.
One set of wells (3 treatment wells + 1 NCON1) was treated with a streptavidin-
HRPO molecules that detected the biotin tag on free CT, while the other set of
wells was treated with a goat-(anti-rabbit)-HRPO molecule that would detect any
rabbit anti-CT molecules present in the system. The results (Fig. 4.5) suggest
that while CT is present in the system, there is little sign of any anti-CT. This is
very intriguing, as it suggests that following the interaction between CT and its
receptor (CTR) on osteoclasts in the system, there was a dissociation of the CT-
(anti-CT) conjugate. In other words, it appears as though the affinity of the CTR
for its ligand CT is greater than the affinity of anti-CT for CT. To understand this
better, one needs to look at the equilibrium constants of CT-CTR and CT-(anti-
CT) binding. According to the findings of Shyu et al. (1996), the dissociation
constant (Kd) of hCT-CTR is ~3nM while the Kd of a typical antibody-ligand
conjugate ranges from 1um (high chance of dissociation) to 1nM (low chance of
dissociation). In other words, the dissociation constant of CTR-CT is as low as

some of the lowest antibody-antigen dissociation constants known. Also, the
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inverse of Kd is known as the association constant (Ka), and describes the
likelihood of two molecules associating with one another. Since Kd = 1/Ka, any
complex having a low Kd also has a high Ka. So, when CT is brought in close
proximity to its receptor by a polyclonal carrier antibody with a Kd lower than
~3nM, it is very likely to dissociate from the antibody and associate with its
receptor which has a higher Ka. Based on the results that show that CT did
indeed bind more readily to CTR rather than anti-CT, it is likely that the CT-(anti-
CT) interaction has a Kd higher than 3nM. It is also of note that Shyu et al. (1996)
found that salmon CT has a 10-fold lower dissociation constant than human CT,
or in other words, has a 10-fold higher affinity for CTR than hCT. Overall, the
results of the CT-(anti-CT) study confirm that anti-CT molecules could potentially
be used as the ‘carrier’ arm of an anti-resorptive conjugate to successfully deliver
the CT ‘pay-load’ to high-affinity CT receptors on the surface of cells targeted by
the anti-RANK ‘targeting’ arm.

Our final sub-hypothesis was that the construction of a conjugate carrying
biotinylated calcitonin, while being attached to an anti-RANK via streptavidin,
would result in the targeting of CT to the microenviroment of cells displaying
RANK. To construct this conjugate, we exploited the extraordinary binding affinity
between streptavidin and biotin (107°M) to bring the targeting and carrier arms
together. In this study, however, we decided to directly conjugate biontinylated
CT to streptavidin instead of using anti-CT as a carrier. The reason for this is that
this study was carried not carried out on osteoclasts or RAW 264.7 cells, but
instead on a surface that mimicked the expression of RANK on these cells. Since
there are no calcitonin receptors on this surface, using anti-CT to carry CT for
delivery does not justify the cost and complexity associated with the presence of
a second antibody in the conjugate. The coating of a high protein-affinity 96-well
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plate with soluble RANK allowed for the mimicking of the presence of RANK on
osteoclasts. Like calcitonin, the anti-RANK antibody was also purchased in a
biotinylated form, as this would allow for its conjugation to streptavidin. The use
of streptavidin for the conjugation of an antibody is not uncommon, and was
carried out successfully by Shuvaev et al. (2004). They used streptavidin to
conjugate a catalase therapeutic to an antibody that recognized a certain
receptor on endothelial cells. Their streptavidin conjugate, much like ours, was
intended purely as a proof-of-principle.

In addition to coating 12 wells with RANK, we also coated 12 wells with
an equal amount of BSA (1ug/well). This serves as a control against non-specific
binding of the conjugate to the high protein-binding 96-well plate. The 12
treatment and 12 control wells were divided into sets of 3 wells so as to allow for
treatments in triplicate. Following the blocking of non-specific binding sites in all
24 wells with 2% BSA, the first two sets of wells in both the treatment and the
control rows were treated with 1/100 and 1/500 dilutions of the conjugate. Also,
since we did not purify the conjugate to get rid of excess CT from the reaction
mixture, we installed a CT control. This involved the treatment of one set (3
wells) of RANK-coated and one set of BSA-coated wells with an excess of free
biotinylated-CT. The last set of wells in the RANK-coated and BSA-coated wells
were treated with only BSA-PBS. All four treatments were carried out for the
same amount of time before we detected for CT in the system using an ELISA.
The detection mechanism used was a streptavidin-HRPO molecule that would
detect for any CT in the system. We found that colorimetric change seen in the
RANK-coated wells treated with the conjugate was significantly higher than that
seen in the BSA-coated wells treated with the conjugate (Fig.4.10; Fig.4.11).

Upon measuring the colorimetric change, the conjugate treated RANK-coated
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wells had a significantly higher signal when compared to the RANK-coated wells
that were treated with free b-CT (Fig.4.11). The visual analysis of this assay
shows that there was a very slight signal from RANK-coated wells that were
treated with CT, and this can be attributed to the fact that the 96-well plate used
was specifically picked for its very high affinity for proteins, and CT being a very
small molecule, probably managed to bind in small amounts. However, as seen
in Fig. 4.10, this signal was very weak. We did not witness this weak signal from
conjugate-treated BSA-coated wells because the conjugate is very large, and
most likely too large to effectively attach itself to the surface of wells that were
already coated in such a short perdiod of time. Therefore we can safely state that
the positive CT signal was as a result of conjugate-bound CT and not free
unbound CT.

This assay showed that CT could indeed be brought into the vicinity of
RANK using a CT-ST-anti-RANK conjugate. This, along with all of the previously
discussed results involving the delivery of CT by anti-CT molecules, confirms our
general hypothesis that the osteoclast surface receptor RANK can be used as a
target to deliver therapeutic anti-resorptive peptides such as calcitonin directly to

osteoclasts.

5.2 Future Directions

In this study we showed that the delivery of a therapeutic drug (CT)
directly onto osteoclasts is a strategy that is feasible and so we recommend that
future studies be conducted by modifying the calcitonin-delivering proof-of-
principle conjugate in a way that increases its targeting and antiresorptive
capabilities, as well as its efficacy in vivo. While we did not construct a conjugate
that had an anti-CT arm loaded with CT, based on earlier results, we can safely

113



predict that the replacement of the biotinylated-CT with a biotinylated anti-CT
molecule carrying CT would result in the successful delivery of CT to its
receptors on osteoclasts. So the immediate future should involve the formation of
a conjugate that has CT-(anti-CT) as one arm and anti-RANK as the other arm,
with both linked via streptavidin. The conjugate should then be tested on
osteoclasts in vitro to confirm that the conjugate targets RANK on osteoclasts
and then successfully delivers the CT onto high-affinity CTRs on these cells. We
also propose that a resorption assay be conducted as described earlier in theis
study to prove that the targeted delivery of CT using the conjugate does in fact
result in the halting of resorption. Once the anti-resorptive efficacy of the
conjugate has been established, we recommend that the molecule be modified to
allow for testing in vivo.

The presence of two large antibody arms on the CT-(anti-CT)-ST-(anti-
RANK) conjugate makes it very bulky and impractical for in vivo applications due
to steric and immunogenic implications. So we propose that much smaller
molecules that retain the same antigen recognition should replace these bulky
antibodies. The ideal candidates for this are the very small recombinant single-
chain variable fragment (scFv) molecules. These molecules are constructed to
consist of only the small antigen-recognition region of a full-sized antibody, and
have the same antigen specificity as a whole monoclonal antibody. The main
advantage of recombinant scFvs is that since lack the large immunogenic Fc
portion that full-sized antibodies contain, they are a lot better suited to in vivo
applications. For instance, Cheng and Allen (2008) generated monoclonal
antibodies and scFv particles that recognized the receptor CD19 on B-cells and
attached each of them onto stealth liposomes loaded with doxorubicin in order to
facilitate targeted delivery of the drug to malignant B-cells. They found that both
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the monoclonal-coated and scFv-coated liposomes delivered the drug to the
target cells, but the authors preferred the scFv-coated liposomes due to the
decreased presence of foreign peptdes on scFv particles as a result of there
being no Fc domain, and therefore the low immunogenicity of the compound.
Therefore, if we were to substitute the bulky monoclonal anti-RANK and
polyclonal anti-CT with anti-RANK and anti-CT scFv molecules, this conjugate
would be instantly made lean and more effective in vivo.

Secondly, the large streptavidin connector molecule will also need to be
modified in order to allow for in vivo delivery of the conjugate. Studies have found
that the in vivo distribution of streptavidin is not uniform, and results in the
sequestering of streptavidin in the kidneys (Schechter et al., 1990; Zhang et al.,
1997). Wilbur et al. (1998) found that chemical succinylation of streptavidin
improved the distribution characteristics of the molecule, thus making it more
favourable for in vivo targeting applications. We therefore propose the use of
succinylated streptavidin in place of the streptavidin used in the construction of
our conjugate so as to make it more efficacious in vivo.

Lastly, this study used human CT as the drug payload instead of salmon
CT. We recommend that the conjugate be modified to carry salmon calcitonin in
place of human calcitonin as this will result in greater efficacy as well as easier

delivery since sCT has a higher affinity for human CTRs.

One the whole, we believe that calcitonin as a therapeutic holds a lot of
promise, and that the targeted delivery of this molecule to osteoclasts has the
potential to make CT a safe and effective frontline treatment for postmenopausal

osteoporosis.
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