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CHAPTER I serves to introduce the basic biology of bone formation and repair
as well as osteoporosis, a disease which affects both the appendicular and axial skeleton.
Given the clinical need to regenerate and thus restore bone lost to this disease, pre-
clinical studies using growth factors to stimulate the systemic growth of bone are
subsequently discussed. Because of the side-effects they elicit upon systemic
administration, these osteogenic growth factors must be targeted to bone. As a prelude to
bisphosphonate-mediated protein targeting to bone, previous strategies to target drugs to
bone are discussed, with an emphasis on bisphosphonate-mediated drug targeting.

In response to the inherent need to deliver osteogenic growth factors to skeletal
tissue, a method to conjugate 1-amino-1,1-diphosphonate methane (aminoBP) onto
various proteins using succinimidyl-4-(N-maleimidomethyl)-cyclohexane-1-carboxylate
(SMCC) was initially developed by Uludag and co-workers. Since these conjugates were
obtained by attaching aminoBP directly onto the proteins’ lysine amino acid residues, this
approach may inadvertently alter the protein’s pharmacophore and subsequently
compromise the protein’s inherent bioactivity. Consequently, an alternative means of
conjugating aminoBP onto the carbohydrate moieties of a model glycoprotein (fetuin)
using 4-(maleimidomethyl)cyclohexane-1-carboxyl-hydrazide (MMCCH) was developed
and described in CHAPTER I1. Here, the resulting bone mineral affinities of both the
SMCC-based and MMCCH-based aminoBP-fetuin conjugates were compared to one
another.

Based on the difference seen between aminoBPs conjugated directly onto the
protein core (i.e. SMCC chemistry) and those conjugated onto carbohydrate moieties (i.e.

MMCCH chemistry) in CHAPTER 11, it was postulated that: (i) steric interference
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mediated by the amino acids adjacent to the linkage site may have influenced aminoBP
binding to the mineral matrices; and/or (ii) the carbohydrate moieties may have afforded
the conjugated aminoBPs a greater range of motion to facilitate their interaction with HA
than those conjugated directly onto the protein core. Thus, the effect of modulating tether
length on protein conjugates’ affinity for hydroxyapatite (HA) in vitro were explored. As
described in CHAPTER III, aminoBP was conjugated onto the lysine amino acid
residues of fetuin, the same glycoprotein used in CHAPTER I1, through five crosslinkers
whose lengths varied from 5.4 to ~136 A. The capacity of the various conjugates to bind
to HA in vitro, paralleled parameters assessed through in silico Molecular Dynamics
simulations (i.e. radial density and probability density). These data not only revealed an
inverse relationship between tether length and bone mineral affinity, but suggested the
feasibility of using in silico simulations to predict the binding characteristics of a given
conjugate.

Given the increased in vitro bone mineral affinity afforded to fetuin through
aminoBP conjugation, CHAPTER IV describes the targeting efficiency of aminoBP-
fetuin conjugates upon parenteral administration in rats. In addition, the retention of
SMCC-based and MMCCH-based conjugates to a commercially-available coralline
hydroxyapatite matrix (i.e. Pro-Osteon®) was assessed. Despite the increase in conjugate
binding and retention to this HA-based matrix both in vitro as well as in vivo, aminoBP
conjugation did not enhance fetuin localization to bone due to an increase in the
conjugates’ susceptibility to the reticuloendothelial/mononuclear phagocyte system (liver
and spleen), irrespective of the conjugation chemistry. These results also suggest that the

capacity of aminoBP-conjugation to enhance protein targeting to bone upon parenteral
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administration might be protein-specific, since previous research demonstrating bone
targeting was performed with different proteins (i.e. lysozyme and bovine serum
albumin).

Based on the inherently high affinity that osteogenic proteins (e.g. basic fibroblast
growth factor (bFGF) and bone morphogenetic protein-2) have for heparin, aminoBP
conjugation onto this glycosaminoglycan was an initiative developed to enhance the bone
mineral affinity of such heparin-binding, osteogenic growth factors without the need of
directly modifying these protein through BP conjugation. As described in CHAPTER V,
aminoBP conjugation not only enhanced heparin’s affinity for HA in vitro, but also
increased the bone mineral affinity of the aforementioned growth factors in a manner
dependent on the number of aminoBPs conjugated onto the heparin. The work described
in this chapter is the foundation of a novel delivery system that may enhance proteins
targeting and retention to bone without the need for direct protein modification.

Prior to being able to assess the pharmacodynamic properties of aminoBP-protein
conjugates, an “in-house” animal model was developed using parathyroid hormone (1-
34) [PTH (1-34)], a protein whose ability to stimulate systemic bone formation has been
extensively studied. Here, weekly subcutaneous administration of varying doses of PTH
(1-34) was compared based on their capacity to induce the systemic formation of bone in
ovariectomized rats. As described in CHAPTER VI, the weekly administration of 10
pg’kg led to a significant increase in bone mineral density and improved several
trabecular architectural parameters assessed through the use of micro-computed

tomography and dual x-ray absorptiometry. Not only do these results validate the animal
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model used, the total dose of PTH (1-34) administered represents the lowest shown to
induce a net anabolic effect on skeletal tissue in ovariectomized (OVX) rats.

Serving as a preliminary study to assess the pharmacodynamics of
bisphosphonate-growth factor conjugates, the effects of systemic bFGF and vascular
endothelial growth factor (VEGF) administration on Bone were determined using the
same animal model as described in CHAPTER VI. Although the study in CHAPTER
VII was the first to attempt to examine the effects of exogenous VEGF administration in
an OVX rat model, the results generated in this study were inconclusive as neither bFGF
or VEGF elicited a significant response on bone (based on the parameters measured).

All together, the work presented herein highlights the potential of
bisphosphonate-mediated protein targeting. As discussed in the FUTURE STUDIES
chapter, this work also represents the foundation for numerous additional studies to
further expand upon our knowledge in the fields of drug targeting and bone tissue

engineering.
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CHAPTER1

INTRODUCTION TO BONE BIOLOGY AND THE

NEED FOR BONE TARGETING!

! Some of the contents of this chapter have been previously published in: Gittens SA, and Uludag H,
Growth Factor Delivery for Bone Tissue Engineering, J. Drug Targeting. (2001) 9(6): 407-429; and have
also been accepted for publication in Advanced Drug Delivery Reviews as: Gittens SA, Bansal G, Zernicke
RF and Uludag H, Designing Proteins for Bone Targeting.
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I. Basic Biology of Bone Formation and Repair

Consisting of a mélange of organic and inorganic constituents, bone is a highly
specialized connective tissue responsible for maintaining calcium homeostasis, housing
elements required for hematopoiesis, and providing an internal mechanical support
system in higher vertebrates. There are two distinguishable origins of bone:
intramembranous (mesenchymal, direct) and endochondral (intracartilaginous, indirect).
The former, formed when mesenchymal precursor cells differentiate directly into bone-
forming osteoblasts, make up the periosteal surfaces of long bones as well as some bones
of the skull (cranial vault), some facial bones, and parts of the mandible and clavicle. The
long bones of the appendicular skeleton and the vertebrae of the axial skeletoh, on the
other hand, arise from the formation of endochondral bone; a process in which
mesenchymal progenitor cells condense and differentiate into chondrocytes that are
responsible for forming a mineralized template which is later replaced by bone (1).

To maintain its integrity as well as respond to the changing demands of an
organism, bone continuously undergoes a process known as remodeling. This dynamic
and highly-coordinated process involves replacement of existing bone (osteolysis) with
newly synthesized bone (osteogenesis). The principle cell types involved in remodeling,
osteoblasts and osteoclasts, are influenced by a cascade of growth factors, cytokines, and
hormones that wultimately regulate cell migration, -attachment, proliferation,
differentiation, and activity. Although much is known about the cellular processes
involved during remodeling, the exact biochemical means through which regulation
occurs have yet to be fully elucidated. Regardless of this shortcoming, it is crucial to

recapitulate normal physiological events when engineering ways of promoting bone
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growth; the success of which hinges on our ability to understand the underlying basic
biological principles involved in the formation of bone. The following section will
primarily address the cells and growth factors involved in the formation of bone as well

as those responsible for maintaining its integrity.

A. Formation of Long Bones

The growing epiphyseal growth plate can be anatomically subdivided into regions
where (from most distal to most proximal to the metaphysis) zones of proliferation,
maturation, hypertrophy, calcification, and bone formation can be recognized.
Chondrocyte proliferation and differentiation, under the influence ofa complex paracrine
feedback loop involving parathyroid hormone related peptide (PTHrP), Indian hedgehog
(Ihh), and bone morphogenetic proteins (BMPs), and angiogenesis are attributed as the
main processes that are crucial in the formation of endochondral bone (2). The process of
chondrocyte differentiation begins when undifferentiated mesenchymal cells, which are
histologically small and spherical, aggregate to form small clusters within a cartilaginous
matrix primarily consisting of type II collagen and proteoglycans at the distal epiphyseal
end of the growth plate. Prior to losing their ability to proliferate and differentiate into
hypertrophic cells, the small, flattened chondrocytes undergo clonal expansion to form
organized longitudinal columns. While actively secreting a cartilaginous matrix rich in
collagen X, these cells, as they continue to enlarge as the metaphysis draws nearer, are
responsible for the calcification of the matrix (3). Hypertrophied chondrocytes within the
medullary region undergo apoptosis or differentiating into osteoblasts, remains

contentious (2).
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Subsequent resorption of the synthesized cartilaginoﬁs scaffold allows the
formation of new blood vessels to enter the resorption front. This process of
neovascularization, which is mediated through several angiogenic activators (i.e.
transferrin, vitamin D inducible 120 kDa protein, vascular endothelial growth factor
(VEGF) and basic fibroblast growth factor (bFGF)), angiogenic inhibitors (i.e.
transforming growth factor-p (TGF-), chondromodulin I), and other factors (i.e. matrix
metalloproteinases (MMPs), tissue inhibitors of metalloproteinases (TIMPs), and
cathepsins), allows osteoblasts to invade both the primary spongiosum and resorption
front to deposit and mineralize bone matrix (2,4,5). The synthesis of metaphyseal
trabecular bone marks the completion of the process of endochondral ossification.
Among the autocrine, paracrine and endocrine factors responsible for regulating the
formation of endochondral bone are growth hormone (GH), thyroid hormone (T3),
insulin-like growth factor (IGF-I), 1,25 (OH),Ds, 24,25(0OH),D3, vitamin C, calcitonin,
somatomedins, insulin, and many other growth factors (3). Bone morphogenetic proteins
(BMPs) play a critical role in this process by committing osteoprogenitor cells
(mesenchymal or bone marrow-derived) into bone-depositing osteoblast phenotype.
Corticosteroids, vitamin A, epidermal growth factor (EGF), androgens and estrogens are

among the factors having inhibitory effect on bone growth (2,3).

B. Maintenance of Bone Integrity

Maintenance of bone is primarily achieved as a result of bone remodeling, a
process whereby osteoclast-mediated resorbed bone is replaced by osteoblast-formed

bone (as recapitulated in more detail in the following section). This process enables the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



mineralized tissue to respond to the micro-damage brought about by mechanical stresses
exerted during loading. In addition to being targeted to sites of microdamage, bone
remodeling is integral in regulating serum mineral homeostasis, and allows bone to adapt

to changes in its mechanical environment (through a process known as modeling) (6).

C. Bone Remodeling

The cells involved in bone remodeling are organized into basic multicellular units
(BMUs) that are both spatially and temporally separated from one another (7). The
remodeling process commences once hematopoietically-derived osteoclast precursors
have proliferated and differentiated into multinucleated osteoclasts via the
monocyte/macrophage intermediate (8). Through proteolytic MMPs, collagenases and
gelatinases, lining osteoblasts are responsible for the removal of the unmineralized
osteoid layer at the site; thus enabling osteoclasts to access extracellular bone matrix
proteins, such as osteopontin, through the use of their integrin superfamily of adhesion
receptors (7). Once activated, osteoclasts are then responsible for the actual resorption of
bone through the production of H' to dissolve the mineral; and proteolytic enzymes to
degrade the organic matrix (7). The subsequent apoptosis of osteoclasts formally
terminates the resorption phase of bone remodeling. The mechanism through which
osteolysis and osteogenesis are coupled is an intense area of study and traditionally
accepted paradigms (i.e. osteoclast differentiating into osteoblasts; release of previously
osteoblast-deposited growth factors to mediate osteoblast concentrations; biomechanical
strains responsible for an increase in osteoblast concentrations; and changes in local

cytokine profiles to increase preosteoblast production) are being revised by alternative

10
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explanation(s) (e.g., capillary endothelial cells being responsible for releasing of
coupling-related signals) (9).

Regardless of the exact mechanism through which they are activated,
mesenchymally-derived pre-osteoblasts are chemotactically recruited to the site of
resorption. Through the influence of autocrine and paracrine factors, such as IGF-1, IGF-
I, FGFs, and platelet-derived growth factor (PDGF), they are stimulated to proliferate.
Under the influence of TGF-p and BMP members, the cells are committed into
osteoblastic phenotype (10). Once matured, osteoblasts are then responsible for filling
the osteoclast-produced cavity through the synthesis of osteoid. As their production of
matrix decreases, these initiaily stout and dynamic cells flatten and eventually
differentiate into osteocytes which then become incorporated into the matrix (11).
Approximately 13 days after the formation of the osteoid, mineralization of the matrix

occurs to mark the completion of bone remodeling (11).

I1. Osteoporosis

Due to an imbalance in bone remodeling favoring osteoclast-mediated bone
resorption, osteoporosis is characterized by a generalized loss of bone mineral and an
associated architectural deterioration of trabecular bone culminating in increased skeletal
fragility. The increase in the susceptibility and ultimately frequency of fracture is an issue
with considerable medical, social and economic implications (12). Typically, the types of
osteoporosis can be distinguished as either primary (i.e. post-menopausal and senile
osteoporosis) or secondary (e.g. glucocorticoid-induced, and immobilization-induced

osteoporosis). The specific pathophysiology associated with the progression of bone loss
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in each type varies significantly depending on the primary pathogenic factor. Irrespective
of the etiology, however, the resulting loss of bone and increase in bone fracture
susceptibility are characteristics shared by each.

The most preponderant therapeutic agents currently used in the treatment of
osteoporosis are bisphosphonates (BPs), a class of pyrophosphate analog-derivatives that
have an inherently high affinity for bone mineral. Based on their chemical structure, BPs
have been separated into two distinct classes: amino-containing BPs and non-amino-
containing BPs. The former class has been shown to induce osteoclast apoptosis by
inhibiting the mevalonate intracellular pathway. This biochemical cascade is responsible
for the prenylation (i.e. the transfer of farnesyl and geranylgeranyl lipid moieties onto the
cysteine amino acid) of small, signaling proteins known as GTPases, which are crucial in:
() maintaining cell morphology; (ii) regulating integrin signaling; (iii) trafficking
endosomes; (iv) controlling membrane ruffling; and (v) anchoring integral proteins into
cellular membranes (13). Non-amino-containing BPs, on the other hand, are metabolized
into non-hydrolyzable analogues of ATP, which upon accumulating intracellularly,
interfere with the function of numerous intracellular metabolic enzymes and culminate in
adverse changes in cellular function and viability (13). Upon administration, BPs localize
specifically to the primary mineral component of osseous tissues. Much like selective
estrogen receptor modulators, and calcitonin, both of which are examples of other
prescribed drugs in the treatment of osteoporosis, BP administration merely mitigates the
resorption of bone. Apart from the use of parathyroid hormone (1-34), no currently
prescribed agents are actually capable of promoting the systemic regeneration of bone so

as to restore the lost bone to levels prior to the onset of disease. Thus developing a means
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to enhance the growth of bone will help circumvent the imminent dangers associated with

the diminished skeletal integrity associated with osteoporosis.

IT1. Systemic Bone Regeneration

As highlighted in Table 1-1, numerous growth factors have been shown to elicit
the systemic regeneration of bone upon parenteral administration in various animal
models. For example, the daily administration of bFGF was shown to stimulate both
endocortical and cancellous bone formation in an ovariectomized rat model of post-
menopausal osteoporosis (19-23). Similarly, BMP-2 administration was shown to
increase trabecular number and bone volume in murine models of post-menopausal and
senile osteoporosis (14). Given that their osteogenicity has been well-substantiated in the
literature, growth factor-based therapeutic agents, such as the aforementioned two, are
consequently ideal candidates for the basis of engineering a means to facilitate the
systemic regeneration of bone.

Several limitations, however, are associated with the use of osteogenic growth
factors for this purpose. Given that a relatively small fraction of the administered dose
reaches skeletal tissue (< 1% is estimated for bFGF, 40), the dose administered must be
sufficiently high to elicit the desired anabolic response. This is a challenge in light of the
fact that these osteogenic proteins typically do not have an innate affinity for skeletal
tissue and that the half-life of these proteins in circulation is relatively short (e.g. in rats,
1.5 min for bFGF (41), 16 minutes for BMP-2 (42)). Moreover, because many of these
growth factors are expressed ubiquitously and as such are inherently pleiotropic, the dose

required for osteogenesis may also elicit numerous deleterious, extra-skeletal side effects.
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For example, while doses of bFGF ranging from 100-1000 pg/kg (body weight) was
required to elicit an anabolic skeletal response in rats (19-23), the administration of 100
pg/kg was shown to result in nephropathy as a result of bFGF-mediated hypertrophy of
the epithelial cells in the Bowman’s capsule, in the lining of the papilla, and in the
arteries supplying the glomeruli as well as podocyte distortion and hypertrophy (43,44).
Therefore, to effectively skirt the potential toxicity associated with their systemic

administration, osteogenic growth factors must specifically be targeted to bone.

IV. Drug Targeting to Skeletal Tissue

Irrespective of the desired therapeutic agent, drug targeting to skeletal tissues is
expected to result in a reduction in the degree of extra-skeletal drug distribution; thus a
corollary reduction in the incidence of adverse effects associated with drug
administration. Furthermore, targeting would also afford a reduction in the dosage
required to elicit a desired skeletal response (as a higher percentage of targeted drug
would localize to bone relative to the untargeted drug). To this end, there are two distinct
strategies that can be employed to target drugs to bone: the use of colloidal drug delivery
systems or the conjugation of “bone-seeking” moieties directly onto a drug or drug
carrier. Because this thesis does not focus on colloidal delivery systems, this means of

drug targeting will not be further discussed.
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V. Osteotropic Moieties for Drug Targeting to Bone:

A. Conjugation of Non-BP Moieties for Drug Targeting to Bone

Numerous osteotropic chemical moieties have been used to increase the affinity
of therapeutic agents to the mineral component of bone (Figure 1-1). Tetracycline, for
example, is a broad-spectrum antibiotic that has a high affinity for bone resulting from
the formation of hydrogen bonds between its hydroxyl- and keto-oxygens and the surface
of hydroxyapatite (HA), which is hydrated by 1.5 layers of physisorbed water in vivo
(45). Taking advantage of this affinity, conjugation of tetracycline onto f#-estradiol-3-
benzoate yielded a conjugate with an enhanced affinity for HA over the unmodified
estradiol derivative (46). Using another “bone seeking” moiety, Willson et al. markedly
enhanced estrogen’s affinity for HA by conjugating 4-carboxy-3-hydroxy-1,2-pyrazole,
one of several heterocycles exhibiting bone affinity, directly onto it (47). Although they
have yet to be used as targeting moieties, additional heterocyclic, thiadiazole derivitives
can potentially be used as targeting agents as their capacity to bind to HA is comparable
to that of tetracycline (48).

Other osteotropic moieties include small polyelectrolytic peptides. Based on their
dense negative charges, polycarboxylate peptide sequences (i.e. poly(aspartic) and
poly(glutamic) acid) have an inherent affinity for HA (49). Consequently, these
sequences, which are believed to be responsible for imparting bone sialoprotein and
osteopontin’s ability to bind to bone endogenously (49), are suitable moieties that can be
used for drug targeting. Using this approach, Kasugai et al. demonstrated that the
conjugation of hexameric poly(aspartic acid) onto fluorescein isothiocyanate (FITC)

increased FITC’s affinity for bone both in vitro as well as upon intravenous and
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subcutaneous administration in mice (50). Similarly, conjugation of poly(aspartic acid)-
poly(ethylene glycol) moieties onto FITC significantly increased this fluorescent
molecule’s binding capacity for HA in vitro and resulted in an increase in bone
(specifically, endosteal and metaphyseal) targeting upon its intravenous administration in
mice (51). The administration of estradiol-aspartic acid hexapeptide conjugate not only
increased estradiol’s affinity for bone in vivo but also increased the bone mineral density
of ovariectomized mice in a dose-dependent manner without adversely affecting uterine
weight (52). In another study, decameric poly(glutamic acid) was conjugated onto both
biotin and methotrexate. As bone-seeking drug carriers, these molecules significantly
enhanced the in vitro affinity of avidin and dihydrofolate reductase for HA, respectively
(53). It should be noted that this is one of the first reports describing the conjugation of a
“bone-seeking” moiety onto a carrier to enhance the affinity of a desired ligand without
the need of directly modifying it. Demonstrating the feasibility of conjugating an array of
phosphate-containing moieties, such as phosphonomethylphosphonylate, Sawyer et al.
improved the HA affinity of small organic Src tyrosine kinase inhibitors, agents that can
effectively abrogate osteoclast-mediated bone resorption (54-59). Other examples of
phosphate-containing molecules which can be used for bone targeting are the

pyrophosphate analog-derivatives collectively known as BPs.

B. BP Conjugation for Drug Targeting to Bone

As aforementioned, BPs have an exceptionally high affinity for mineralized
tissues resulting from strong electrostatic interactions between their negatively charged

phosphate moieties and HA. Based on this affinity, BP conjugation has been the most
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prevalent approach used in the literature to impart bone affinity onto therapeutic agents.
To improve their targeting efficiency to skeletal tissue, BPs have been conjugated onto a
variety of chemical entities ranging from steroids, anti-neoplastic agents, and

radioisotopes, to proteins.

BP-steroid conjugates: To circumvent the numerous adverse effects associated with their
pleiotropic nature, various bisphosphonate-containing estrogenic molecules have been
synthesized to enhance this steroid’s affinity for skeletal tissue (60-65). While the BP-
conjugated estrogens used by Fujisaki et al., and Tsushima et al. successfully prevented
bone loss associated with ovariectomization in rats, those used in Bauss et al. conferred
little or no benefits over unmodified 17f-estradiol, irrespective of whether the linkage
between the estrogen and BP was cleavage-resistant or not (62). Based on these findings,
further studies are required to determine the feasibility of BP conjugation for the delivery

of estrogen derivatives in vivo.

BP-radioisotope conjugates: Primarily intended for the diagnosis of osseous neoplastic
lesions and their treatment, a multitude of radioisotopes have been targeted to bone
through BP conjugation. Bisphosphonate-radioisotope conjugates which have been used
in a clinical setting include: '®rhenium-hydroxyethylidenediphosphonate (HEDP)
(67,68), '*rhenium-HEDP (68,69), **“technetium-methylene diphosphonate (70,71),
99mtechnetium—hydroxymethylene diphosphonate (72,73) 133 samarium-
ethylenediaminetetramethylene ~ phosphonate  (74,75) and  "'iodine-amino-(4-

hydroxybenzylidene)-diphosphonate (76). Numerous other bisphosphonate-radioisotope
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conjugates are currently under development for bone imaging and chemotherapeutic

purposes.

BP-anti-neoplastic conjugates: Given that toxic effects limit their therapeutic window,
anti-neoplastic agents are suitable candidates for bone targeting—as an increase in their
localization is expected to result in a reduction in their systemic toxicity. Although
several BPs are now being recognized as being inherently anti-neoplastic themselves
(77,78), BPs have been conjugated onto three well-established chemotherapeutic agents:
cisplatin; doxorubicin; and methotrexate. Bisphosphonic derivatives of cisplatin include
cis-diammine[(bis(phosphonatomethyl)amino)acetato(Z-)—O1,Nl]platinum(II) (79,80), as
well as numerous other platinum-containing derivatives such as cis-Pt(NH3),(bmpaa),
cis-Pt(NH3), (ntmp), and Pt(R,S dach) (ntmp) (80, 81), cis-PtCly(4-pmpe), (82) and
Pt(I)- quinolylmethylphosphonate complexes (83). On the other hand, four different
gem-bisphosphonic moieties (i.e. 3,3-bis(diethylphosphono)propanoic acid 2, 4,4-
bis(diethylphosphono)butanoic acid 3, and (R + S)-N-(9-fluorenylmethyloxycarbonyl)-2-
amino-4,4-bis(diethylphosphono)butanoic acid ) have previously been coupled onto
doxorubicin (84). The process of conjugating these moieties onto this agent, however,
resulted in a decrease in doxorubicin’s native bioactivity as no effect was observed
against human tumor xenografts (84). Methotrexate-bisphosphonate conjugates, however,
were either as or more cytotoxic than unmodified methotrexate in murine model of
osteosarcoma (85). Subsequent pharmacokinetic analysis of one of these conjugates

(labeled with Pmiechnetium) suggested that its affinity for bone upon intravenous
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administration was equivalent to that seen with bone-seeking agents such as

#mechnetium-diphosphonates (86).

BP-protein conjugates: BP conjugation may be a means to address some of the
previously mentioned issues regarding the administration of growth factors for the intent
of promoting bone regeneration (i.e. short systemic half-life and induction of extra-
skeletal side effects). To this end, conjugation of 1-amino-1,1-diphosphonate methane
(aminoBP) onto the lysine amino acid residues of bovine serum albumin (BSA) using
succinimidyl-4-(N-maleimidomethyl)-cyclohexane-1-carboxylate was originally reported
by Uludag et al. (87). AminoBP-modification significantly enhanced BSA’s affinity for
synthetic HA, and various other bone matrices over unmodified protein in vitro.
Subsequent studies demonstrated that the conjugation of 4.9 aminoBP per BSA increased
the protein retention’s to bone upon intramedullary administration by 8- and 12-fold in
the tibiae of normal and ovariectomized rats, respectively (88). Upon intravenous
administration, BSA conjugates containing 11.0 aminoBPs/BSA exhibited a significant
increase in targeting to skeletal tissue (i.e. femora, tibiae, and sternum) as well as a
significant decrease in kidneys, liver and spleen over unmodified BSA (89).

In addition to enhancing bone targeting, aminoBP conjugation increased protein retention
at the mineralized sites of localization, and afforded a reduction in the extra-skeletal
distribution (to aforementioned clearance organs) upon parenteral administration. Altered
growth factor pharmacokinetics mediated by BP conjugation is expected to enhance the
feasibility of using these osteogenic -molecules for clinical indications such as

osteoporosis. This concept of BP-proteins conjugation ultimately formed the foundation
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on which the work presented in this thesis is based. (Although this approach was initially
designed for promoting the systemic growth of bone for clinical indications such as
osteoporosis, sce APPENDIX A for musculoskeletal diseases and appropriate protein-

based therapeutic options suitable for BP-mediated targeting to bone).
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Table 1-1. Protein-Based Therapeutic Agents for Treatment of Osteoporosis

Protein Rationale Reference

BMP-2 BMP-2 is a potent promoter of osteoblastogenesis. Its intra-peritoneal administration enhanced bone mineral density 14
and architecture in a murine model of osteopenia.

TGF-B TGF-B is a pleiotropic growth factor shown to induce the proliferation of osteoblasts. TGF-$ administration resulted in 15-18
the promotion of bone regeneration in several rat models of osteopenia.

bFGF ' bFGF is a potent mitogen for osteoblasts. Parenteral administration of bFGF resulted in an anabolic effect on skeletal 19-28
tissue in rat and murine models of osteopenia.

IGF-1 and IGF-1 was shown to promote osteoblastic cell proliferation and differentiation. IGF-1 and IGF-1/IGFBP-3 29-31

1GF-1/IGFBP-3 administration increased bone mineral density in several clinical trials.

Activin Activin promotes osteoblast proliferation and matrix synthesis in vitro. Its intramuscular administration increased bone 32,33
mineral density and strength systemically in an ovariectomized rat model of osteopenia.

PDGF PDGF is a mitogen for osteoblasts. In an ovariectomized rat model, its administration led to an increase in bone mineral 34
density and strength.

PTH (1-34) Through an increase in remodeling frequency favoring bone apposition, intermittent PTH administration improves 35-38
bone mineral density, strength and micro-architecture. It is currently prescribed as an anti-osteoporotic agent.

aFGF aFGF acts as a mitogen on osteoblasts and increase bone nodule formation in vitro. Parenteral administration of aFGF 39
generated woven bone and new trabeculae in both rat and murine models of osteoporosis.

Abbreviations: Acidic Fibroblast Growth Factor (aFGF); Basic Fibroblast Growth Factor (bFGF); Bone Morphogenetic Protein (BMP); Insulin-like Growth
Factor (IGF); Insulin-like Growth Factor Binding Protein (IGFBP); Osteoprotegerin (OPG); Parathyroid Hormone (PTH); Parathyroid Hormone-Related Protein
(PTH1P); Platelet-Derived Growth Factor (PDGF); Receptor Activator of Nuclear Factor Kappa B (RANK); TransformingLGrowth Factor (TGF).
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Figure 1-1: Structures of molecules shown to exhibit a significant affinity for bone
mineral, including non-nitrogen-containing bisphosphonates such as: etidronate (A);
clodronate (B); and tiludronate (C); as well as nitrogen-containing bisphosphonates such
as: pamidronate (D); ibandronate (E); zolendronate (F); aminoBP (G); alendronate (H);
and residronate (I).
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CHAPTERII

IMPARTING BONE AFFINITY ONTO
GLYCOPROTEINS THROUGH THE CONJUGATION

OF BISPHOSPHONATES'

! The contents of this chapter have been previously published in: Gittens SA, Matyas JR, Zernicke RF and
Uludag H. Imparting Bone Affinity onto Glycoproteins through the Conjugation of Bisphosphonates.
Pharmaceutical Research, (2003) 20(7): 978-987.
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INTRODUCTION

Currently prescribed agents for the treatment of osteoporosis include estrogens,
selective estrogen receptor modulators, such as tamoxifene and raloxifene, in addition to
the bisphosphonates class of molecules (1). The usefulness of these agents, however, is
rather limited as they merely halt the resorption of bone, and as such, fail to reverse the
progressive loss of bone mineral density associated with the disease to levels seen prior to
its onset. One emerging prospect in the treatment of osteoporosis is the use of growth
factors that are capable of stimulating deposition of new bone upon their systemic
administration (reviewed in 2). Typically, these ubiquitous growth factors mediate their
bone formation effects by promoting the mitogenesis and morphogenesis of cells residing
at skeletal tissues. Given their pleiotropic nature, however, their exogenous
administration is often associated with various unwanted side effects at extraskeletal sites
(2). For example, the intravenous administration of an optimal dose of basic fibroblast
growth factor (bFGF) has been shown to result in deleterious anatomical changes in both
the kidney and lung (3, 4). To minimize such adverse effects, which arise as a result of
their non-specific distribution throughout the body, a means of delivering these
osteogenic growth factors to bone is required.

To this end, we have previously shown that direct conjugation of 1-amino-1,1-
diphosphonate methane (aminoBP) onto the lysine amino acid residues of bovine serum
albumin using sulfo-succinimidyl-4-(N-maleimidomethyl)-cyclohexane-1-carboxylate
(sulfo-SMCC), resulted in an increased affinity for various bone matrices in vitro (5).
Subsequent studies have shown that these conjugates exhibited an enhanced retention

when administered intra-osseously to femurs (6); as well as an increased localization to
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bones (i.e. femur and tibia) when administered either intravenously or subcutaneously
(7). Since the conjugates were obtained by attaching aminoBP onto the protein’s core,
there is a possibility that this means of conjugation may inadvertently alter the protein’s
pharmacophore and compromise the protein’s inherent bioactivity. As a result, we sought
to develop an alternative means that might circumvent any difficulties that this particular
means of conjugating bisphosphonate may elicit.

In delineating an alternative method, we decided to take advantage of the fact that
the vast majority of mammalian proteins undergo some degree of post-translational
glycosylation (between <1% to >99% by molecular weight) (8, 9). Although these
carbohydrate groups mediate a variety of functions, some appear to have no biologically
relevant significance (9). It was previously shown that the oxidation of carbohydrate diols
yields functional aldehyde groups which can serve as the basis for subsequent chemical
modifications (10). This approach has been used for antibody modifications, such as
immobilization onto surfaces and radioactive / fluorescent labeling (10, 11),
derivatization of cell-surface glycoproteins (12) and conjugation of targeting moieties
onto bioactive proteins (13, 14). As such, it was our intent to develop a chemistry that
would use the oxidation of carbohydrate groups as a means through which
bisphosphonates (BPs) could be conjugated onto glycoproteins. Bovine fetuin was chosen
as a model glycoprotein for this study due to its relative abundance of carbohydrate
groups (22% of its molecular weight (15)). In addition, its 23 lysine amino acid residues
also make it a suitable candidate for aminoBP-conjugation via the SMCC conjugation.

Described herein is a novel method to conjugate aminoBP onto fetuin’s

carbohydrate moieties as a means of enhancing its bone affinity. The conjugate affinity
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for various bone matrices was assessed and compared to conjugates obtained from the

previously established SMCC conjugation.

MATERIALS AND METHODS

Materials

4-(maleimidomethyl)cyclohexane-1-carboxyl-hydrazide (MMCCH),
succinimidyl-4-(N-maleimidomethyl)-cyclohexane-1-carboxylate (SMCC) and sulfo-
SMCC were acquired from Molecular Biosciences (Boulder, CO). Bovine fetuin (lot
#59H7616), 2-iminothiolane (2-IT), bovine adult serum, sodium m-periodate (NalQ,),
trichloroacetic acid (TCA), 1,3,4,6-tetrachloro-3a,60-diphenylglycouril (TCDG) and pre-
cast mini-polyacrylamide, 4-20% Tris-HCI gels were obtained from Sigma Aldrich (St.
Louis, MO). Na'*’I (in 0.1M NaOH) was obtained from Perkin Elmer (Wellesley, MA).
0.9% NaCl was from Baxter Corporation (Toronto, ON). Piperazine was acquired from
General Intermediates of Canada (Edmonton, AB). 2,4-dinitrophenylhydrazine (DNP)
was from Kodak (Rochester, NY). N,N-dimethylformamide (DMF) was from Caledon
Laboratories (Georgetown, ON). The Spectra/Por dialysis tubing with MW cutoff of 12-
14,000 Da was acquired from Spectrum Laboratories (Rancho Dominguez, CA). Sodium
dodecylsulfate (SDS) and Coomassie Blue R-250 were acquired from Bio-Rad (Hercules,
CA). Bromophenol blue was from Serva Feinbiochemica (Heidelberg, Germany). The
hydroxyapatite (HA) and aminoBP were prepared as described in (16) and (5),
respectively. The piperazine buffer (pH 5, 7 and 9) was prepared by mixing 0.1 M
piperazine with desired amounts of 10 mM HCI. 0.1 M phosphate (pH 7.4), and 0.1 M

carbonate (pH 10) buffers were prepared as described (5), whereas the 0.1 M sodium
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acetate buffer was prepared as described in (14). The SDS—glyéine sample buffer for
electrophoresis was prepared by adding 10% (w/v) SDS, glycerol, 0.1% (w/v)
bromophenol blue, 0.5 M Tris-HCI (pH 6.8), and dH,0 in a 4:2:1:2.5:10 fashion. The
SDS-PAGE running buffer was prepared by the addition of 2.9% (w/v) Trizma Base,

14.4% (w/v) glycine, and 1.0% (w/v) SDS in dH,0.

AminoBP Conjugation onto Fetuin

Fetuin-AminoBP Conjugation Using SMCC (Figure 2-1a): Conjugation by SMCC was
performed according to a previously published procedure (5). Fetuin (15 mg/ml in 0.1 M
phosphate buffer) was incubated for 2.5 h with 10 mM of either sulfo-SMCC or SMCC,
two heterobifunctional crosslinkers with -NH, and —SH reactive groups. Separately,
aminoBP was thiolated by incubating equal volumes of aminoBP (80 mM in 0.1 M
phosphate buffer) with 2-IT solution (40 mM in 0.1 mM phosphate buffer) for 2.5 h. The
product from this reaction was then directly added to SMCC-reacted fetuin in equal
volumes for 1.5 h. In order to remove the unreacted reagents, the final conjugate was

thoroughly dialyzed against 0.1 M carbonate buffer (x 3) and dH,O (x2).

Fetuin-AminoBP Conjugation Using MMCCH (Figure 2-1b): The vicinal hydroxide

groups within fetuin’s carbohydrate moieties were selectively oxidized (14) by treating
fetuin (15.5 mg/ml in 0.1 M acetate buffer) with 4 mM of NalQ,. Following a 2.5 h
incubation, oxidization was halted by extensive dialysis against dH,O and subsequently
against 0.1 M acetate buffer. The oxidized fetuin was then reacted for 2.5 h with 10 mM

MMCCH (stock solution dissolved as 150 mM in DMF), a heterobifunctional crosslinker
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whose nucleophilic hydrazine and electrophilic maleimide moieties react with aldehyde
and -SH groups, respectively. Thiolated aminoBP, which had been prepared as described
above, was then added to the MMCCH-reacted fetuin product at equal volumes. After 1.5
h incubation, the conjugate was dialyzed extensively against 0.1 M carbonate buffer and

subsequently dH,O to remove unreacted starting material.

Analysis of the Conjugates

Bradford Protein Assay (17): The protein reagent used consisted of 0.01% (w/v)
Coomassie Blue R-250, 4.7% (w/v) ethanol, and 8.5% (w/v) phosphoric acid. A 50 pl
sample was added to 1 ml of the protein reagent and the absorbance was determined at

595 nm. Serially diluted bovine fetuin in dH,O was used for the calibration curve.

DNP Assay for Aldehydes (18): 2.5 ml of 0.2 mM DNP (in 1 M HCI) was added to 50 pl

of oxidized protein, incubated for 1 h at 37 °C and the absorbance of the samples was
determined at 370 nm. Serially diluted formaldehyde (in dH,O) was used for the
calibration curve. Once the aldehyde and protein concentrations were quantified, the

number of aldehyde groups per fetuin was calculated (mol:mol ratio).

Phosphate Assay: The phosphate assay was modified from the original procedure of

Ames (19) and was previously described (5). A calibration curve consisting of known
concentrations of aminoBP dissolved in dH,O was utilized. The phosphate concentrations
generated here were used in combination with the results from the protein assay to yield

the number of aminoBPs conjugated onto fetuin (mol:mol ratio).
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SDS-PAGE: Approximately 10 pg of protéin sample was mixed with an SDS-glycine
sample buffer and loaded onto a 4-20% Tris-HCI polyacrylamide gel. The samples were
run at 150V for 1.5 h in an SDS-glycine running buffer. The gels were then stained
overnight using a Coomassie Blue R-250 (0.1% w/v Coomassie Blue R-250 in 10:10:80

= methanol:acetic acid:dH;0) and scanned on a flat-bed scanner.

Assessment of Mineral Affinity

HA Binding: The details of the HA binding assay were described previously (5). Briefly,
an aliquot of sample (~25 pg) was added to a microcentrifuge tube containing 10 mg of
HA with 150 mM phosphate buffer (pH 7.4). This phosphate molarity had been
previously determined to provide the optimal conditions for differentiating HA binding
between the conjugate and unmodified glycoprotein. The samples were shaken for 2.5 h
at room temperature, centrifuged, and the protein concentration in the supernatant was
subsequently determined using the Bradford assay. HA affinity (expressed as %binding)
was calculated as follows: 100% x {(protein concentration without HA) — (protein
concentration with HA)} + (protein concentration without HA). All binding was assessed

in duplicate.

Bone Matrix Binding: The preparation of untreated, demineralized, and ashed bone was

as follows. The marrow was purged from the diaphyses of 6-month-old male rat tibiae
and femurs and the bones were subjected to multiple freeze-thaw cycles to ensure the
non-viability of the cellular content. The samples were subsequently crushed into small

fragments and thoroughly washed in dH,O and absolute ethanol. The bones were either
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not processed any further (untreated bone), demineralized in 0.6 M HCl for 72 h
(demineralized bone matrix), or ashed at 800°C for 48 h (ashed bone). The samples were
stored at 4°C until needed.

The binding was assessed by using '’I-labeled proteins. In tubes previously
coated with TCDG (200 pl of 20 pg/ml TCDG in choloroform), 10 pg of protein was
added to 50 pl of 0.1 M phosphate buffer (pH 7.4), and 10 ul of 0.01 mCi of Na'*’I (in
0.1 M NaOH). After reacting for 20 minutes, free ] was separated from the
radiolabeled protein by elution on a NAP-5 column with 0.1 M phosphate buffer (pH
7.4). The use of the NAP column was not suitable for the radiolabeled—MMCCH
conjugates. Consequently, these conjugates were dialyzed against 0.05 M phosphate
buffer after iodination. After precipitating an aliquot of the samples with 20% TCA, it
was confirmed that all iodinated samples contained <5% free '*’I. The labeled proteins
were added to cold protein to give a radioactive count of 50,000 cpm at 0.1 mg/m] protein
concentration. Along with 350 pl of media (refer to Legends for media content), the
amount of binding matrix added to microcentrifuge tubés was: 50 mg of untreated bone;
50 mg of ashed bone; 10 mg of demineralized bone matrix; and 8 mg of HA. After
periodical shaking over a 3 h period, the samples were centrifuged. The supernatant was
collected and the pellet, consisting of the bone matrix, was washed with the binding
buffer, and re-centrifuged. This washing procedure was then repeated (x2) and the
collected supernatant from each of these steps was subsequently measured separately.
Quantification of the radioactivity was then determined using a y-counter (Wallac Wizard

1470, Turku, Finland). Matrix affinity, expressed as %matrix binding, was calculated as
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follows: 100% x (counts in matrix pellet) + { (counts in matrix pellet) + (counts in

supernatants) }. All binding was assessed in duplicate.

Conjugate Stability

To investigate the influence of pH on conjugate stability, the conjugates were
dialyzed against a 0.1 M piperazine, a universal buffer, at either a pH of 5, 7 or 9. At
various time points over the course of one week, aliquots of the dialyzing samples were
analyzed to assess the conjugates’ affinity for HA. To determine the rate of conjugate
degradation, the conjugates were prepared as described before, labeled _radioactively, and
subsequently dialyzed in 25% serum in saline. At various time points, aliquots were taken
and the conjugates’ binding affinity for HA was determined. Binding was assessed in

duplicate.

Statistical Analysis
Significant differences (p <0.05) within the data were determined by student ¢-test
or linear regression analysis. Statistical analysis was performed by S-PLUS Student Ed.

6.0 (Insightful Corp, Seattle, WA).

RESULTS
SMCC-Based Conjugation
Conjugation of aminoBP onto fetuin was initially attempted using sulfo-SMCC.
The results had indicated that by independently augmenting the concentrations of either

sulfo-SMCC (Figure 2-2A) or thiolated aminoBP (Figure 2-2B), the number of
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aminoBPé conjugated onto fetuin increased proportionally to a maximum of 17.0
aminoBPs/fetuin and 15.2 aminoBPs/fetuin when sulfo-SMCC and thiolated aminoBP
concentrations were raised to 20 mM, respectively. The control samples (i.e. reactions
with non-thiolated aminoBP in the case when sulfo-SMCC concentration was changed,
and reaction with 0 mM sulfo-SMCC in the case when thiolated aminoBP concentration
was changed), had less than 2 aminoBPs/fetuin, indicating some degree of aminoBP
retention after dialysis, albeit significantly lower than the corresponding conjugates.
Using the same samples, an increase in the conjugates’ capacity to bind to HA was
observed as the number of aminoBPs conjugated to fetuin was increased (Figures 2-2C
and 2-2D). All control samples, however, exhibitedA significantly lower binding
irrespective of the concentration of thiolated aminoBP or sulfo-SMCC used in
conjugations. Since the control samples in Figure 2-2B, which were reacted with sulfo-
SMCC, did not exhibit an HA affinity, sulfo-SMCC reaction with fetuin’s amine groups
did not appear to influence the HA binding of the glycoprotein. Due to cost
considerations, all subsequent studies utilized SMCC instead of sulfo-SMCC. As the final
conjugation products from both crosslinkers were identical, the substitution of sulfo-

SMCC with SMCC was considered inconsequential.

MMCCH-Based Conjugation

Fetuin’s intrinsic aldehyde content (i.e. 7.3 aldehydes per fetuin) was initially
found to be insufficient for aminoBP conjugation. As a result, the first step in MMCCH-
based conjugation was the NalO4-mediated introduction of aldehyde groups onto fetuin’s

carbohydrate groups. Results from this process gave a linear relationship between NalO4
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concentration and the number of aldehydes intfoduced per fetuin (Figure 2-3). Given that
a concentration of 4 mM NalO,4 not only yielded an adequate number of aldehyde groups
(~30 aldehyde groups/molecule of fetuin) but was also considered mild enough to
circumvent the complete destruction of fetuin’s carbohydrate groups (19), this
concentration was typically chosen for subsequent reactions. It was found that the
product of this oxidation process was stable at 4°C for in excess of a month, as
determined by the DNP and Bradford protein assays.

The conjugation of aminoBP to fetuin was initially attempted by reacting its ~NH,
directly with the aldehyde moieties of oxidized fetuin via the formation of a Schiff base.
No effectivé conjugation was noted by this approach (data not shown). As a result,
MMCCH was then used to facilitate the chemical conjugation of aminoBPs onto fetuin’s
aldehyde moieties. Increasing NalO4 concentrations to modulate the number of
aldehydes introduced onto each molecule of fetuin as well as thiolated aminoBP
concentrations, led to an increase in the number of aminoBPs conjugated onto fetuin
(Figures 2-4A and 2-4B, respectively). Similar to the SMCC-based chemistry, increasing
MMCCH concentrations led to an increase in the number of aminoBPs conjugated onto
fetuin, which corresponded to an increase in the conjugate’s ability to bind to HA (data
not shown). A maximum of 7.0 aminoBPs per fetuin was achieved under the
experimental conditions for MMCCH-conjugation. The propensity for these samples to
bind to HA was then determined. As expected, the results indicated that increasing the
number of conjugated aminoBPs resulted in a proportionally linear increase in the
conjugates’ affinity for HA (Figures 2-4C and 2-4D). Typically, the number of

aminoBPs conjugated per fetuin for these controls, which exhibited nominal binding to
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HA, was < 1. As seen in Figure 2-4C, the degree of oxidation did not affect the
glycoprotein’s intrinsic affinity for HA. Since control samples in Figures 2-4D, which
were reacted with MCCHH, did not exhibit an HA affinity, MMCCH reaction with the

fetuin’s glycan groups did not appear to influence the HA binding of the glycoprotein.

Protein Purity by SDS-PAGE

Gel electrophoresis was employed to determine whether inadvertent protein-
protein crosslinking was occurring as a result of using either crosslinker or through the
formation of a Schiff base between fetuin —NHj, and aldehyde groups (21). Given that the
rholecular weight of fetuin is 48.4 ‘kDa, protein-protein crosslinking would have
manifested itself as >100 kDa protein bands on the gels. Our results indicated that there
were no visible changes in the intensity of native fetuin’s band of 48.4 kDa and no visible
increase in the higher molecular weight bands as the concentrations of SMCC and
MMCCH was increased to 10 mM and 20 mM, respectively, while thiolated aminoBP
concentration used was 20 mM (data not shown). As such, any protein:protein

crosslinking was deemed negligible.

Comparison of the Mineral Affinity of MMCCH and SMCC Conjugates

To compare the ability of two types of conjugates to bind to HA, each conjugate’s
capacity to bind to HA was plotted as a function of the number of conjugated aminoBPs
(Figure 2-5). The observed trend suggested that increasing the number of conjugated
aminoBPs resulted in a linear increase in conjugate’s affinity for HA, regardless of the

crosslinker used. The MMCCH-conjugates’ binding to HA rose to a maximum of ~77%

47

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



when a maximal number of ~7.0 aminoBPs were conjugated onto fetuin. Similarly, a
binding of ~86% wés achieved when ~9.0 aminoBPs were conjugated via SMCC.
Increasing the number of conjugated aminoBPs past this threshold, however, did not
enhance mineral affinity for the SMCC conjugates. The HA binding of the MMCCH-
based conjugates could not be tested in this region since this crosslinker did not give any
conjugates in this range. A comparison between the slopes in the linear regions (i.e. < 8
aminoBPs/fetuin) for each conjugate revealed no significant differences between the two
conjugation approaches.

To investigate cpnjugate stability, the effect of pH on the conjugates’ affinity to
HA was determined. A comparison of the slopes (from % HA binding vs. times curves)
revealed no significant differences in either of the conjugates’ affinity for HA when in a
basic, neutral or acidic piperazine buffered environment (data not shown). These results
suggest that the conjugates’ stability, as determined by its affinity for HA, was not
adversely affected by the pH of the incubating medium. To assess conjugate stability,
conjugate binding to HA in 25% adult bovine serum was determined over a one week
time period. As shown in Figure 2-6, the binding of the SMCC and MMCCH conjugates
were initially ~71% and ~58%, respectively. The control samples (i.e. control for SMCC-
based chemistry: fetuin incubated with thiolated aminoBP without SMCC; and for the
MMCCH-based chemistry: oxidized fetuin incubated with the crosslinker without
aminoBP), did not exhibit a change in HA binding over time. The conjugates’ binding to
HA, on the other hand, decreased gradually with time (~3% per day for both types of
conjugates). Comparing the two slopes for parallelism revealed no statistically significant

differences between the two conjugates’ rate of degradation.
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The relative stability of the conjugates in serum led us to explore their bone
mineral affinity in serum, a medium that better represents in vivo conditions than the
phosphate buffer previously used. The matrices utilized were untreated, ashed,
demineralized rat bone and synthetic HA in 50% bovine adult serum (Figure 2-7). With
the exception of demineralized bone matrix, the conjugates’ binding to various bone
matrices increased in response to increasing number of conjugated aminoBPs per fetuin.
With demineralized bone matrix, however, MMCCH-conjugates, but not SMCC-
conjugates, gave significant binding. For all matrices, as the number of aminoBPs/fetuin
increased, it was found that the MMCCH-conjugate’s had a statistically significantly
higher affinity over the SMCC conjugate. By dividing the maximum binding capacity
that the MMCCH-conjugate had for a given matrix by the maximum binding capacity
that the SMCC-conjugate had for the same matrix, a 2.6, 2.0, 30.5, and 1.84-fold
difference in the conjugates’ ability to bind to untreated, ashed, demineralized bone and

HA, respectively, was revealed.

DISCUSSION AND CONCLUSIONS
As part of the initial phase of developing a general approach for systemic delivery
of any glycosylated protein capable of eliciting a desired pharmacological response at
skeletal sites, it was the goal of this study to develop a means of conjugating
bisphosphonates onto the carbohydrate moieties of a model protein, fetuin. The proposed
method was designed as an alternative to the previously established SMCC-based
conjugation where aminoBP was conjugated onto the protein through the direct chemical

modification of the lysine amino acid residues. As a result, we were concerned that such

49

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



a modification of the protein backbone may inadvertently lead to an adverse change in
the protein’s tertiary structure and/or interfere with its receptor binding/activation, which
might culminate in the loss of the protein’s desired pharmacological activity on skeletal
tissues. Most non-cytosolic proteins undergo some degree of post-translational
glycosylation endogenously. Much like the notorious heterogeneity associated with their
chemical structure, the function of these covalently attached carbohydrate groups vary
widely. Some of the physicochemical and biological roles the carbohydrates mediate
include: protein folding, stability and solubility; regulation of glycoprotein intracellular
‘ trafficking and localization, as well as modulation of enzyme and hormone activity (22).
Based on the observed bioactivity of recombinant proteins expressed in prokaryotic
systems, which are inherently incapable of performing post-translational glycosylation, it
is apparent that the absence of carbohydrate residues does not have any adverse
ramifications on their ability to elicit a biological response (9). In fact, the non-
glycosylated forms of numerous osteogenic proteins such as bone morphogenetic protein
(BMP)-2 (23), BMP-4 (24), BMP-7 (25), BMP-14 (also known as Growth and
Differentiation Factor-5, GDF-5) (26), BMP-13, (GDF-6) (26), and BMP-12 (GDF-7)
(26) have either been shown to induce effective bone formation or elicit other
musculoskeletal effects typical of the protein’s normal biological function. bFGF
produced in a prokaryotic system has also retained its characteristic mitogenic activity
(27). Given the biologically non-essential nature of the carbohydrate moieties of these
musculoskeletally-active proteins, the conjugation of aminoBP onto their carbohydrate

groups should not affect the proteins’ inherent bioactivity.
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The results described herein demonstrated that fetuin, a glycoprotein chosen for
its relatively high degree of glycosylation, was an appropriate candidate to undergo
SMCC-based aminoBP conjugation onto its proteinaceous backbone, as well as
MMCCH-based aminoBP conjugation, to its carbohydrate moieties. It was shown that the
conjugation efficiency (i.e., number of conjugated aminoBPs per protein) was varied by
the reagent concentrations used in either conjugation procedures. The aminoBP was
utilized as a prototypical BP for our purposes since it is one of the simplest BPs
synthesized, contains a functional -NH; group for the necessary conjugations, and acts as
a model for a range of other -NH, containing BPs currently studied in the context of bone
biology (e.g., pamidronate, alendronate, risedronate, and ibandronate) (5,28). Despite our
desire, we were unable to use this functional group for direct conjugation with the
introduced aldehyde groups on fetuin (as well as direct conjugation with succinimide
ester of SMCC). Using a simple HA-binding assay that was previously shown to
correlate with in vivo bone affinity (5, 7), it was ascertained that an increase in the
number of conjugated aminoBPs led to an increase in conjugate binding to HA. This was
assessed under conditions (150 mM phosphate) that were not conducive for the
electrostatic binding of the unmodified protein to HA. Nevertheless, a nominal degree of
HA binding was noted, presumably due to protein carboxyl groups forming weak
complexes with the fixed Ca®* on the mineral surface (29, 30). As was evident using the
SMCC-mediated conjugation, an upper limit of HA binding (~95% under the
experimental conditions) was reached once >9 aminoBPs were conjugated onto fetuin. It
was not possible to assess whether a similar behavior was exhibited with MMCCH-

mediated conjugation, since it was not experimentally possible to obtain conjugates with
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>7 aminoBPs per protein. This was unexpected since an abundant (>30) number of
aldehyde groups was introduced onto the glycoprotein, suggesting that MMCCH
conjugation utilized only a small fraction of the available groups. A saturable binding
kinetics was observed for both conjugates under serum conditions for HA and bone-
derived matrices (40-60% for MMCCH and 10-40% for SMCC mediated conjugations,
depending on the choice of the matrix). Taken all together, this data suggests that the
conjugation of aminoBPs onto fetuin was indeed responsible for imparting the observed
bone mineral affinity and that modification beyond a certain threshold did not enhance
the bone affinity any further.

Bone matrix binding was also dependent on the conjugation efficiency for both
conjugation approaches when the binding was assessed under serum conditions. These
conditions, consisting of anions, cations, and other proteins, were believed to offer a
more stringent (competitive) environment for protein binding. Unlike HA-binding in
phosphate buffer, the MMCCH-conjugate exhibited a significantly higher affinity for the
bone matrices than that of the SMCC-conjugate under these conditions. To explain the
difference between the binding capacity of the two conjugates, it was postulated that by
being conjugated onto the carbohydrate residues, the aminoBPs were further distanced
from the glycoproteins’ protein core where the conjugated aminoBPs would be subjected
to steric interference. Furthermore, conjugation via the flexible carbohydrate moieties
may afford the aminoBP molecules an increased range of motion that would enable them
to access a mineral matrix more effectively. An unexpected observation was the
aminoBP-dependent binding of the MMCCH-conjugates to demineralized bone matrix, to

which the SMCC-conjugates did not bind. Although the latter observation suggested that
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the mineral content of the bone was minimal, the fact that the MMCCH-conjugates bound
to the demineralized bone in an aminoBP-dependent manner indicated that a residual
bone mineral might have been left in bone matrix preparations. As with the other
matrices, conjugates from the MMCCH-chemistry exhibited a superior affinity for the
demineralized matrix compared to the SMCC-mediated conjugation. It is also possible
that the binding might be mediated by an alternative mechanism (e.g. a serum mediated
process affecting the binding of the 2 types of conjugates differently) which is not clear
to us yet. We intend on addressing this issue in future studies by exploring the role of
varying the linkage spacing between the BP and the protein molecules, so as to elucidate
the role of steric interference on BP-mediated protein binding to bone mineral.

Numerous studies have shown that SMCC conjugates were non-degradable in a
variety of environments, including serum-containing media in vitro, as well as in in vivo
models (31, 32). MMCCH has been previously used to conjugate STn, a mucin-
associated disaccharide epitope over-expressed in human carcinomas, to keyhole limpet
hemocyanin, an anti-neoplastic agent (33, 34). Unfortunately, the stability of these
conjugates was never determined (33, 34). It has been shown, however, that hydrazone
and thioether bonds, i.e., the linkages formed by the reactive groups of the MMCCH,
were inherently stable under aqueous conditions (14). Consequently, we expected our
conjugates to be stable under the experimental binding conditions, regardless of the
conjugation approach. Supporting this hypothesis, the results presented herein suggest
that the conjugates’ mineral affinity was not influenced by the pH of the medium. Some
loss of protein affinity (3% per day) was seen in 25% bovine adult serum over the course

of a week but this was similar for both proteins and was likely not to be due to the
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differences in the conjugation linkages. Our studies were performed for a longer duration
than the previously reported studies (33, 34) and may explain the discrepancy.
Nevertheless, the two conjugation approaches were considered to have a similar stability
when used to impart an aminoBP-mediated bone affinity.

The extent of periodate-mediated carbohydrate oxidation was dependent on the
medium pH, the reaction time, the periodate concentration and the temperature (35). As a
side-reaction, the process of oxidation was found to result in modification of some amino
acids, such as cysteine, methionine, tryptophan, and tyrosine (10). According to a
published review of the literature (10), the conditions required to attain this undesirable
oxidation of amino acids (120 mM periodate for >6 hours) far exceeds those used in this
study (<10 mM for 2 hours). In fact, using periodate concentrations similar to our own,
independent investigators have shown no or nominal abrogation of bioactivity for several
proteins, such as horse radish peroxidase (36), gelonin (13), soluble CD4 (14), and
immunoglobulin G (35). As fetuin only served as a model glycoprotein in our studies, its
bioactivity was not of interest. Studies, which have examined the effects of deleting the
fetuin gene in a mouse model, have shown that the glycoprotein plays a role in the
prevention of ectopic microcalcifications (37), and affects the process of endochondral
bone formation by binding to members of TGF-beta family (including BMPs) and
inhibiting their bone-formation activity (38). Our long term goal is to apply the described
MMCCH approach to glycoproteins such as BMP-2, whose bone forming activity has
been unequivocally established. Although the in vivo targeting capability of the
conjugates was not assessed in this study, it was previously shown that SMCC conjugates

with increased affinity to HA also enhanced protein targeting to bone: intravenous
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administration of aminoBP-conjugated albumin (SMCC as the linker) led to a 2.0-3.7-
fold and 2.2-7.5-fold increase in bone delivery compared to unmodified albumin in
normal and osteopenic rats, respectively (7). Similar results were obtained for lysozyme
in the same animal models as well (7). Consequently, it is anticipated that the conjugation
of aminoBP onto fetuin via the MMCCH approach will enhance the glycoprotein’s in
vivo delivery to bone in a manner similar to previous SMCC-conjugates (5).

In summary, this study described the first attempt to impart a bone mineral
affinity onto proteins via the modification of carbohydrate moieties. It is expected that
the protein bioactivity will be better preserved by the proposed approach as compared to
our previously described approach where the BPs were directed conjugated to the protein
core. Based on the results presented in this study, it is also likely that aminoBP
conjugation via carbohydrate moieties might exhibit a superior mineral affinity as
compared to aminoBP conjugation to the protein core. Previous efforts to conjugate BPs
as a means to localize molecules to bone have not been limited to proteins (39). BPs have
been conjugated onto radionucleotides and bioactive drugs such as estrogen, anti-
neoplastic and anti-inflammatory agents, and the proposed approach could find

applications beyond the protein class of therapeutic agents. .
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Figure 2-1. A schematic representation of the SMCC (A) and MMCCH (B) mediated
conjugation of aminoBP onto fetuin. The former crosslinker used reactive amine groups
to facilitate the conjugation of aminoBP directly onto the fetuin’s protein backbone
whereas the latter crosslinker used the fetuin’s carbohydrate groups for conjugation.
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Figure 2-2. The conjugation efficiency (A and B) and HA binding (C and D) for fetuin
incubated with either un-thiolated aminoBP (e) or thiolated aminoBP (o). The 2-
IT/aminoBP concentration was maintained at 10/20 mM in A and C, whereas sulfo-
SMCC concentration was maintained at 10 mM in B and D. Increasing the sulfo-SMCC
concentration increased the number of aminoBP conjugated onto fetuin (A), as well as
increasing the thiolated aminoBP concentration (B). Corresponding increases in the
conjugates’ affinity for HA was noted for increasing sulfo-SMCC (C), and thiolated
aminoBP concentrations (D).
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Figure 2-3. Increasing the number of aldehyde groups introduced onto fetuin in a linear
fashion (= 0.969) by increasing sodium periodate concentrations used for oxidation.

58

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



No. of AminoBPs / Fetuin

100

HA Binding (%)

R
/0
e £
e g 6 A
/// <
v S
Pl & //9
/’/0 % 4 4 ////
0 P -
// .E ///
/0 E ,//
o/// ﬁ 1/0/
e o 21 ///
° g 0"
e Y [ o] ///
-0—-—-9 e .
) 0] &g >
° 1 2 3 4 5 ° 2 4 6 8 10 12
NalO, Concentration (mM) Thiolated AminoBP Concentration (mM)
100
D
o 80 -
7 =
S
7 2
"0 -g R
el CIR —
& < o ////
m ////
. § -
Iy e 20 /0/
. o -~
[ ] -
& <—g-— —-—e
0 N
1 2 3 4 5 ] 2 4 6 8 10 12
NalO, Concentration (mM) Thiolated AminoBP Concentration (mM)

Figure 2-4. The conjugation efficinecy (A and B) and HA binding (C and D) for fetuin
incubated with either non-thiolated aminoBP (@) or thiolated aminoBP (o). The MMCCH
concentration was 10 mM for all samples. The thiolated aminoBP concentration was 10
mM for samples in A and C, whereas the samples in B and D were oxidized with 4 mM
NalO;. Increasing the NalO, concentration increased the number of aminoBP conjugated
onto fetuin (A), as well as increasing the thiolated aminoBP concentration (B).
Corresponding increases in the conjugates’ affinity for HA was noted for increasing

NalO4 (C), and thiolated aminoBP concentrations (D).
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Figure 2-5. Correlation between the number of aminoBP’s conjugated per fetuin and
the conjugate binding to HA. The MMCCH-conjugates’ (©) binding to HA increased in
a linear fashion as the number of conjugated aminoBPs increased. While sharing a
similar linear trend, the conjugation of more than 9 aminoBP/fetuin did not enhance the
sulfo-SMCC-conjugates’ (®) capacity to bind to HA. There was no significant
difference in the slopes observed in the linear region (<8 aminoBP/fetuin) for the
MMCCH- and the SMCC-conjugates (hashed and solid trend lines, respectively).
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Figure 2-6. The stability of the SMCC- (A) and MMCCH- (B) conjugates was
determined as a function of their capacity to bind to HA in 25% adult bovine serum over
the course of one week. As time progressed, the binding affinity for the SMCC- and
MMCCH- conjugates (o) decreased in a linear fashion (#* = 0.95 and 0.77, respectively)
while their respective controls (®) remained relatively constant. No significant difference
was observed between the two conjugates’ decreasing ability to bind to HA.
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Figure 2-7. Binding of SMCC- (0) and MMCCH- (e) conjugates to various bone
matrices in 50% bovine adult serum to untreated bone (A), ashed bone (B), demineralized
bone matrix (C) and HA (D). In all instances, the matrix binding of the MMCCH-
conjugates exceeded to that of SMCC-conjugates.
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CHAPTER III

IMPACT OF TETHER LENGTH ON BONE MINERAL
AFFINITY OF PROTEIN-BISPHOSPHONATE

CONJUGATES!

! The contents of this chapter have been previously published in: Gittens SA, Kitov PI, Matyas JR,
Lobenberg R, and Uludag H. Impact of Crosslinker Length on the Bone Mineral Affinity of Protein-
Bisphosphonate Conjugates. Pharm. Res. 21 (2004) 608-616.
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INTRODUCTION

To enable the use of osteogenic growth factors to systemically promote the
regeneration of bone for clinical indications such as osteoporosis, these proteins must be
targeted to skeletal tissues in order to circumvent the extra-skeletal effects they may elicit
upon parenteral administration (1). A promising approach to delivering these proteins to
bone is by conjugating bisphosphonates (BPs), pyrophosphate analogs with an inherently
high affinity for the hydroxyapatite mineral content of bone, directly onto them via a
tether (2-5). In designing BP-protein conjugates, the inherent affinity of the BP to bone
mineral, as well as the nature (i.e. size and molecular structure) of the BP and tether are
expected to influence the bone affinity ultimately imparted onto the conjugate (6). We
have previously shown that the conjugation of 1-amino-1,1-diphosphonate methane
(aminoBP) onto bovine fetuin’s carbohydrate moieties using 4-(maleimidomethyl)
cyclohexane-1-carboxyl-hydrazide (MMCCH) was feasible. This process of conjugation
enhanced protein affinity for various bone matrices in vitro (7). When compared to
conjugates that have aminoBP covalently attached onto fetuin’s lysine residues using
succinimidyl-4-(N-maleimidomethyl)-cyclohexane-1-carboxylate (SMCC), however, the
affinity of the MMCCH-conjugates was found to be superior than that of the SMCC-
conjugates. We postulated that the steric interference mediated by the amino acids
adjacent to the linkage site may have accounted for the difference in the SMCC
conjugates’ capacity to bind to various mineral matrices. Alternatively, the carbohydrate
moieties may have afforded a greater range of motion to facilitate the interaction between
the conjugated aminoBPs and mineral matrices (7). Indeed, these observations were

consistent with theoretical models, in which binding between receptor-ligand pairs
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hindered by steric interference are improved by increasing tether length (6, 8), as well as
experimental observations in liposomal targeting (9-13), gene delivery (14, 15),
immunosorbent assays (16, 17), and the functionalization of cell-adhesive surfaces (18).
As a result, it was expected that increasing the tether length of the BP conjugates would
enhance aminoBP-mediated conjugate binding to mineralized matrices.

This study was performed in order to explore the influence of the tether on the
mineral affinity of the BP-conjugates. Several conjugates with varying tether lengths
have been prepared and their mineral affinity was explored in binding assays in vitro and
in an in vivo implant model. The results presented herein are expected to improve the
design of future aminoBP-protein conjugates by providing insight into ways of

optimizing the conjugate affinity to bone.

MATERIALS AND METHODS

Materials

Succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (SMCO),
succinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxy-(6-amido-caproate)  (LC-
SMCC), a-maleimidoacetic acid-N-hydroxysuccinimide (MANS), and maleimidobutyric
acid-N-hydroxysuccinimide (MBNS) were acquired from Molecular Biosciences
(Boulder, CO). N-hydroxysuccinimide-polyethylene glycol-maleimide (NHS-PEG-MAL)
with molecular weight (MW) was 2300 Da, was from Nektar Therapeutics (Huntsville,
AL). Bovine fetuin (lot #59H7616), 2-iminothiolane (2-IT), bovine adult serum,
trichloroacetic acid (TCA), and 1,3,4,6-tetrachloro-3a,6a-diphenylglycouril (TCDG)

were obtained from Sigma Aldrich (St. Louis, MO). Pre-cast 4-20% LongLife
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polyacrylamide gels were from Gradipore (Frenchs Forest, NSW), whereas Na'>’I (in 0.1
M NaOH) was obtained from Perkin Elmer (Wellesley, MA). 0.9% NaCl was from
Baxter Corporation (Toronto, ON). N,N-dimethylformamide (DMF) was from Caledon
Laboratories (Georgetown, ON). The Spectra/Por dialysis tubing with MW cutoff of 12-
14,000 Da was acquired from Spectrum Laboratories (Rancho Dominguez, CA). The
SDS-glycine sample buffer for electrophoresis was prepared as previously described (7).
The SDS-PAGE running buffer was prepared by the addition of 2.9% (w/v) Trizma Base,
14.4% (w/v) glycine, and 1.0% (w/v) SDS in deionized water. Metofane®
(methoxyflurane) was obtained from Janssen Inc. (Toronto, ON). The Pro-Osteon
200HA® implants, which were coralline hydroxyapatite discs (10 mm in diameter x 4 mm
in thickness) with porous three-dimensional micro-architecture similar to that of cortical

bone (19), were kindly donated by Interpore Cross International (Irvine, CA).

AminoBP Conjugation onto Fetuin

Conjugations by SMCC, LC-SMCC, MANS, MBNS, and NHS-PEG-MAL,
heterobifunctional crosslinkers with -NH, and —SH reactive groups, were performed
according to a previously published procedure (7). Briefly, fetuin (15 mg/ml in 0.1 M
phosphate buffer) was incubated for 2.5 h with up to 15 mM of one of the crosslinkers,
which was initially dissolved in DMF at a concentration of 45 mM. Separately, aminoBP
was thiolated by incubating equal volumes of aminoBP (80 mM in 0.1 M phosphate
buffer) with 2-IT solution (40 mM in 0.1 mM phosphate buffer) for 2.5 h. The product
from this reaction was then directly added to crosslinker-reacted fetuin in equal volumes

and incubated for 2.5 h at room temperature. To remove the unreacted reagents (i.e.
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aminoBP, 2-IT, and crosslinker), the conjugates were thoroughly dialyzed against 0.1 M

carbonate buffer (x3) and deionized water (x2).

Analysis of the Conjugates

After dialysis, protein concentrations were determined using the Bradford Protein
Assay (20) as follows: a 50 pl sample was added to 1 ml of the protein reagent, which
consisted of 0.01% (w/v) Coomassie Blue R-250, 4.7% (w/v) ethanol, and 8.5% (w/v)
phosphoric acid. The sample’s absorbance was subsequently determined at 595 nm. A
phosphate assay, which was modified from that described by Ames (21), was then used to
determine aminoBP concentration of the samples (7). The aminoBP concentrations of the
protein samples were used in combination with the results from the protein assay to yield
the number of aminoBPs conjugated onto fetuin (mol:mol ratio). Gel electrophoresis was
employed to determine whether inadvertent protein-protein crosslinking occurred during
the process of conjugation. As the molecular weight of fetuin is 48.4 kDa, protein-protein
crosslinking would have manifested itself as >100 kDa protein bands on the gels.
Approximately 10 ug of protein sample was mixed with an SDS-glycine sample buffer
and loaded onto a 4-20% Tris-HCI polyacrylamide gel. The samples were run at 150V for
1.5 h in an SDS-glycine running buffer. The gels were then stained overnight using a
Coomassie Blue R-250 (0.1% w/v Coomassie Blue R-250 in 10:10:80 = methanol:acetic

acid: deionized water), destained, and scanned on a flat-bed scanner.
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Molecular Dynamics Modeling of the Conjugates

Molecular dynamics (MD) modeling of the products from the process of
conjugations was performed using Insight-Il suite of software programs (Molecular
Simulations Inc, San Diego, CA) on a Silicon Graphics Octane-2 workstation. The
structures to be modeled (Figure 3-1) were generated using standard fragment library in
Biopolymer block; aminoBP ligands (which are subsequently referred to as pendant
ligands) were uncharged. Consistent Valence Forcefield (CVFF) potentials were
automatically assigned followed by manual correction where necessarily; after the formal
charges for all atoms were set to zero, the partial charges were automatically generated.
Free energies for all structures were sufficiently minimized prior to the initiation of MD
modeling. The dielectric constant was set to 80 and the temperature to 1000 K (a
temperature selected for simulation in order to accelerate collection of the representative
set of configurations). Each MD experiment, except for the NHS-PEG-MAL crosslinker,
was conducted for 2.5 ns (with a step of 1 fs), trajectories being sampled after every 250
steps. In case of NHS-PEG-MAL, the configurational space was explored for 10 ns and
every 1000-th frame was sampled. The distances (also known as the end-to-end
separation) between lysine’s a-carbon and the aminoBP’s central carbon (separating the
two phosphonate moieties) were measured from each of the 10,000 frames obtained from
the simulations. Histograms with a step of 0.5 A were subsequently generated to
determine probability density. The radial density distribution was calculated by
normalizing the probability density by the volume enclosed by two hemispheres with the

center in the attachment point and radii R and R-0.5 A (as described in 23).
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Assessment of Conjugate Mineral Affinity

Preparation of Radioiodinated Conjugates: Binding was assessed by using '*’I-labeled

proteins. In tubes previously coated with TCDG (200 pl of 20 pg/ml TCDG in
chloroform), 10 pg of protein was added to 50 ul of 0.1 M phosphate buffer (pH 7.4), and
10 p! of 0.01 mCi of Na'®I (in 0.1 M NaOH). After reacting for 20 minutes, free '*I was
separated from the radiolabeled protein via dialysis against 0.05 M phosphate buffer.
After precipitating an aliquot of the samples with 20% TCA, it was confirmed that all

iodinated samples contained <5% free '2°1.

In Vitro Mineral Binding: The preparation of HA has been previously described (2). | The

radiolabeled proteins were added to cold protein to give a radioactive count of 10° cpm at
0.1 mg/ml protein concentration. Along with 175 pl of 50% bovine adult serum (diluted
with 0.9% saline), 25 mg of normal bone or 5 mg of HA was added the microcentrifuge
tubes. This serum-containing binding medium was used because it better represented
physiological conditions than phosphate buffers (7). After periodical shaking over a 3 h
period, the samples were centrifuged. The supernatant was collected and the pellet,
consisting of the mineral matrix, was washed with the binding buffer used, and re-
centrifuged. This washing procedure was then repeated twice more and the collected
supernatant from each of these steps was subsequently counted separately by a y-counter
(Wallac Wizard 1470, Turku, Finland). Matrix affinity, expressed as percentage matrix
binding, was calculated as follows: 100% x (counts in matrix pellet) + { (counts in matrix

pellet) + (counts in supernatants) }. All binding was aséessed in duplicate.
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The affinity of the conjugates to the mineral matrix used for implantation (i.e.
Pro-Osteon®™) was also determined in vitro. A 50 pl aliquot, containing 2.5 x 10° cpm of
radiolabeled conjugate along with 0.1 mg/ml cold protein, was initially applied to each
autoclaved Pro-Osteon® disc. Following a 10 minute-incubation period, the discs (two
per group) were washed thoroughly (5x) using 50% bovine adult serum in saline. The
supernatants collected from each of the washes, along with the implants themselves, were
quantified separately using a y-counter. The affinities that the conjugates exhibited for the

implants were calculated using the “matrix affinity” formula described above.

In Vivo HA-based Matrix Binding: Two month-old female Sprague-Dawley rats were

purchased from Charles River Laboratories (Quebec City, PQ). Rats were acclimated
until 3 months of age under standard laboratory conditions (23°C, 12 h of light/day) prior
to the beginning of the study. While maintained in pairs in sterilized cages, rats were
provided standard commercial rat chow and tap water ad libitum for the duration of the
study. All procedures involving the rats were approved by the Animal Welfare
Committee at the University of Alberta (Edmonton, Alberta).

For assessing conjugate affinity to bone in vivo, powdered HA was considered
unsuitable due to the difficulty associated with recovering the particulate HA matrix
following implantation. Consequently, Pro-Osteon® discs, which are clinically used for
bone implantation, were used. The discs used for in vivo implantation were prepared
essentially as described above. The initial counts in the implant were determined before
implantation. Once rats were anaesthetized with Metofane®, two Pro-Osteon® discs were

implanted subcutaneously into bilateral ventral pouches in each rat (n = 2 rats per
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conjugate group). Three days following implantation, the rats were asphyxiated with
CO,. The radioactivity associated with the excised implants and the soft tissue
surrounding the implant was quantified separately using a y-counter. The degree of
protein retention, expressed as a percentage of the implanted dose, was calculated as
follows: 100% x { (initial counts in implant) — (final counts in implant) } + (initial

counts in implant).

Statistics

Significant differences (p < 0.05) in conjugate binding to the Pro-Osteon® discs were
determined by Tukey post-hoc comparison. Linear regression was also used in the
analysis of the data. All statistics was done using SPSS for Windows 11.0.1, SPSS Inc.,

Chicago, IL.

RESULTS
AminoBP-Conjugation to Fetuin:

Conjugation of aminoBP onto the lysine -NH; moieties of fetuin was carried out
using MANS, MBNS, SMCC, LC-SMCC, and NHS-PEG-MAL. While keeping thiolated
aminoBP concentrations at 20 mM, increasing the concentration of crosslinker during the
process of conjugation led to a concentration-dependent increase in the number of
aminoBPs attached onto fetuin (Figure 3-2). The maximal conjugation efficiency using
MANS, MBNS, SMCC, LC-SMCC, and NHS-PEG-MAL were: 9.7, 15.0, 23.0, 17.8,
and 22.1 aminoBPs/fetuin, respectively. These were significantly higher than their

respective controls (i.e. fetuin reacted with 0 mM crosslinker and 20 mM thiolated
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aminoBP prepared for each conjugate), which had an average of 1.840.5
aminoBPs/fetuin. Each crosslinker used, regardless of its length, successfully facilitated

the conjugation of aminoBP onto fetuin.

Corresponding to the degree of conjugation, gel electrophoresis indicated that there
were slight upward shifts in the intensity of conjugates’ bands relative to native fetuin’s
band at 48.4 kDa—especially with the larger molecular weight crosslinked conjugates
such as LC-SMCC and NHS-PEG-MAL. No visible bands at the ~100 kDa region,
however, presented themselves (data not shown). These results confirmed that amipoBP
conjugation had indeed occurred (as was especially evident with the use of the larger
molecular weight crosslinkers) and that the occurrence of protein:protein crosslinking

was insignificant for all crosslinkers.

Molecular Dynamics Modeling of the Conjugates

MD modeling was used to characterize the conformational behavior of linker
structures containing pendant aminoBP ligand moieties. As illustrated in Figures 3-3, the
calculated maximal probability densities as well as the radial distribution profiles were
inversely related to the length of crosslinkers used. Possessing fewer potential structural
permutations, aminoBPs tethered onto fetuin using shorter crosslinkers (i.e. MANS,
MBNS and SMCC) were more likely to be within a shorter distance of the protein core,
which consequently induced a greater density of the pendant ligand than those tethered

using longer crosslinker (i.e. LC-SMCC and NHS-PEG-MAL).
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Conjugate Binding to Bone and HA Matrices In Vitro:

The MANS, MBNS, SMCC and LC-SMCC conjugates exhibited a binding to HA
that was aminoBP-dependent: samples with low conjugation efficiency had ~20%
binding, whereas samples with high conjugation efficiency had >50% binding (Figure 3-
4). The binding efficiency for each group of conjugates differed significantly, however,
as the conjugates whose aminoBPs were tethered onto fetuin via shorter crosslinkers,
namely the MANS, MBNS and SMCC, bound to the synthetic mineral matrix more
tenaciously (with a maximum binding of 63.8%, 66.1%, and 74.0%, respectively) than
the longer LC-SMCC conjugates, which exhibited reduced binding (maximum binding of
45.6%). Despite its relatively high coﬁjugation efficiency, the NHS-PEG-MAL conjugate
binding to HA diminished significantly in a manner proportional to the number of
aminoBPs conjugated onto fetuin. These conjugates exhibited the weakest capacity to
bind to HA relative to any of the other conjugation products. In comparison, binding of
control fetuin to HA was significantly lower (averaging 13.3+4.8 %). These results also
corroborated the fact that HA binding was mediated by the conjugated aminoBP.

To further characterize conjugate binding to HA, binding isotherms for each
group of conjugates were generated. The conjugate samples chosen for these studies were
those containing ~10 aminoBPs/fetuin. As previously observed, the MANS, MBNS, and
SMCC conjugates exhibited superior binding to HA, followed by the LC-SMCC
conjugates, and the NHS-PEG-MAL conjugates (Figure 3-5).

Using the same conjugates as above (i.e. ~10 aminoBPs/fetuin), the effect of
modulating bovine adult serum concentration on conjugate binding to HA was

subsequently determined. As shown in Figure 3-6, all conjugates, even the NHS-PEG-
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MAL conjugates, exhibited exceptional binding to HA in the absence of serum (in
saline). As the concentration of adult bovine serum increased, the propensity of all
conjugates’ to bind to HA decreased. This reduction in binding, however, was not
uniform as the conjugates with the longest crosslinkers (i.e. LC-SMCC and NHS-PEG-
MAL) were more adversely affected by the increasing competitive-nature of the binding
media. These results reflected trends found in the previous binding results: aminoBPs

tethered onto fetuin via longer crosslinkers afforded the poorest conjugate binding to HA.

Conjugate Retention to HA-Implants In Vivo: A

Given the similar biﬁding profiles of the MANS, MBNS, and SMCC conjugates,
the MBNS conjugate was chosen to represent the group of shorter crosslinkers in the in
vivo experiments. Using 50% bovine adult serum, the in vitro affinity that native fetuin
had for the Pro-Osteon® implants (26.0+5.9%) was lower than the MBNS, LC-SMCC
and NHS-PEG-MAL conjugates (82.5+1.9%, 83.243.5%, and 46.7+1.7%, respectively,
Figure 3-7A). In contrast to the HA binding results, the MBNS conjugate’s mineral
affinity was not different to that of the LC-SMCC conjugate. Following three days of
implantation, all conjugates exhibited higher affinity to the Pro-Osteon® matrix compared
to unconjugated fetuin (p<0.02). Conjugate retention to the soft tissue surrounding the
implant, however, was negligible (<0.2% of the dose implanted on average). This was
indicative of rapid clearance of the released protein from the site of implantation. The
affinity of the NHS-PEG-MAL conjugate was lower than both the MANS and LC-SMCC
conjugates. Following their in vitro binding profiles to Pro-Osteon®, the MBNS and LC-

SMCC conjugate retention in Pro-Osteon® discs were significantly greater than

79

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



unconjugated fetuin or the NHS-PEG-MAL conjugates (p < 0.0005, and p < 0.0005,
respectively) (Figure 3-7B). A plot of conjugate binding to Pro-Osteon® in vitro vs. in

vivo (not shown) gave a good correlation (+* = 0.999) that was statistically significant (p

< 0.0005).

DISCUSSION and CONCLUSIONS

It was the goal of this study to elucidate the effect of tether length on aminoBP-
fetuin conjugate affinity for various mineral matrices. Here, we elected to conjugate
aminoBP onto fetuin’s protein core so that by varying tether length, the resulting
conjugates could meet, if not exceed, the aforementioned superior affinity imparted by
aminoBP conjugation onto fetuin’s carbohydrate groups (7). Consequently, the five
crosslinkers utilized (i.e. MANS, MBNS, SMCC, LC-SMCC and NHS-PEG-MAL) were
chosen primarily on their varying lengths.

The results described suggest that irrespective of the crosslinker’s length, each
was capable of facilitating the conjugation of aminoBP directly onto fetuin in a
concentration-dependent manner. Conjugation efficiency, however, appeared to be
dependent on the crosslinker length as the shorter tethers (namely MANS and MBNS)
were less efficient in conjugating aminoBPs onto fetuin than the longer counterparts. As
previously shown (2-4, 7), the data presented herein suggests that the mineral binding
was indeed mediated by aminoBP. Similar to previous observations with the SMCC
conjugates (7), a saturable binding kinetics was observed with the MANS, MBNS,
SMCC and LC-SMCC conjugates. At low conjugation efficiencies (i.e., <4

aminoBPs/fetuin), the extent of HA binding was proportional to the number of
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conjugated aminoBPs. As the conjugation efficiency was increased, however, the
aminoBPs tethered onto fetuin using the shorter crosslinkers (i.e. MANS, MBNS and
SMCC) imparted a higher HA affinity than those tethered using the longer crosslinkers
(i.e. LC-SMCC and NHS-PEG-MAL). In addition to these results, a similar pattern
emerged from the experiments that explored the effects of modulating conjugate (Figure
3-5) and competing serum concentrations (Figure 3-6) on HA binding. Unlike HA,
however, Pro-Osteon® did not reveal any differences in affinity between the conjugates
derived from MBNS and LC-SMCC. The PEG-linked conjugates, however, were again
inferior in mineral binding. We do not _currently know which matrix properties were
responsible for the binding differences between the HA synthesized in-house and the
commercially-available Pro-Osteon®, but the binding pattern to the latter matrix was
consistent both in vitro and in vivo.

Similar to our findings, Hirabayashi et al. had observed that an increase in tether
length from 1 to 10 methylene groups between carboxyfluorescein (an organic molecule
much smaller than proteins) and a BP resulted in a nearly 10-fold decrease in skeletal
targeting upon the compounds’ intravenous administration (22). They postulated that this
decrease in targeting was due to a corresponding increase the molecules’ hydrophobicity,
as determined through theoretical calculations of the compounds’ octanol/water partition
coefficient (it should be noted that the mineral affinities of their conjugates were not
assessed in vitro). The NHS-PEG-MAL tether used in this study, which is significantly
more hydrophilic that the methylene-based tethers used in the study of Hirabayachi et al.,

resulted in a reduction in conjugate mineral affinity. Consequently, it is postulated that
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tether hydrophobicity is unlikely to be the underlying factor responsible for the reduction
in mineral affinity associated with increased tether lengths.

The strength of tethered aminoBP-HA binding is expected to depend primarily on
number of aminoBP ligands incorporated onto the conjugate, the strength of the
individual aminoBP-HA interactions, and the surface area of HA available for the
interactions (6). Since the amount of mineral matrix (and thus the interacting surface)
remained constant throughout each experiment, binding of conjugates with comparable
degree of conjugation efficiency to HA should primarily rely on the strength of individual
interactions. Since the same ligand was used throughout this study (i.e. aminoBP), it is
reasonable to assume that the intrinsic binding energies do not vary among conjugates.
On the other hand, the probabilities of aminoBP-HA interaction and the corresponding
entropic terms should differ according to the effective concentration (i.e. radial density)
of aminoBP at the HA surface. Therefore, the end-to-end separation between pendant
ligand and protein at the maximum radial density corresponds to the distance most
favorable for conjugate-HA interaction and represents the equilibrium distance between
the pendant ligand and the attachment point in the bound state. As the magnitude of the
density at the equilibrium distance is directly proportional to binding constant of the
interaction (23), this method can be used to rank the various tethers according to their
apparent binding efficiencies. These MD results were in agreement with our experimental
observations of the conjugates’ capacity to bind to bone mineral. As an increase in tether
length would enable a ligand to escape the adverse effects of steric hindrance exerted
from neighboring amino acids, it can be inferred from these data that steric effects did not

influence aminoBP binding onto HA. Consequently, we postulate that steric hindrance
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was probably not the likely reason for the significant difference observed between
aminoBP conjugated onto fetuin’s protein core and its carbohydrate residues. Perhaps
other interactions between HA and the protein’s functional groups (as suggested by 24
and 25) contributed to additional binding that helped stabilize and/or improve aminoBP-
mediated conjugate binding. Since longer tethers retain the protein at a distance from the
surface of HA, this might be one reason why longer tether length are less effective in
facilitating conjugate-HA binding.

The results from the Pro-Osteon® implantation study, suggest that the mineral
affinity imparted by the conjugation of aminoBP onto fetuin leads to a significant degree
of protein retention to the HA-based biomaterial over non-conjugated protein. Given that
the retention of the osteogenic proteins (i.e. those capable of inducing bone formation
such as several members of the BMP family (1)) correlates directly with the degree of
bone formation they elicit (26), these implications are significant as they suggest that
HA-based implants, which are used in numerous clinical applications, may be applied
with BP-conjugated osteogenic proteins. Furthermore, these results are of clinical
relevance as Pro-Osteon®, itself, has been used as a bone substitute in numerous
orthopaedic, ophthalmologic, and maxillofacial applications (19). It is thought that this
BP-based delivery system may improve the performance of such biomaterials by
improving their osteoconductivity as well as afford some degree of osteoinductivity. As
previously discussed (7), however, the potential use of BP-protein conjugates is not
limited to HA-based implants. In fact, we have previously shown that aminoBP-albumin
conjugates exhibit an improved retention when administered intraosseously in a tibial

injection animal model—suggesting that our approach may be applicable to promote the
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regeneration of bone in local defects that do not necessarily require the use of an implant
3.
In summary, this study has shown that a range of crosslinkers could facilitate the
conjugation of aminoBP onto fetuin, but the resulting bone mineral affinity for each of
~ these conjugates differed significantly. AminoBPs tethered onto fetuin using the shorter
crosslinkers (i.e. MANS, MBNS and SMCC) imparted a higher affinity than those
tethered using the longer crosslinkers (i.e. LC-SMCC and NHS-PEG-MAL). This is the
first study to report that the mineral affinity imparted by BP conjugation enhances a
protein’s retention once implanted by a HA-based biomaterial in vivo. The results
presented in this report will facilitate improvements in the design of aminoBP-protein

conjugates to maximize bone mineral affinity.
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Figure 3-1: A representation of the MANS-, MBNS-, SMCC-, LC-SMCC-, and NHS-
PEG-MAL-conjugates pendant ligands. The substituents R; and R; at the lysine moiety
represent preceding and following residues in the peptide chain. In the structures that
were used in MD simulations R; = -NH; and R; = -H. The length of listed
heterobifunctional crosslinkers themselves, from the maleimide moiety up to but
excluding the succinimide moiety were: 5.7, 10.2, 11.6, 16.1 and ~136 A (6),
respectively.
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Figure 3-2: The conjugation efficiency of aminoBP onto fetuin. As the concentrations of

MANS (), MBNS (O), SMCC (x), LC-SMCC (a), and NHS-PEG-MAL (%) increased,
the subsequent number of conjugated aminoBPs rose linearly (# = 0.961, 0.859, 0.975,
0.987, and 0.996, respectively).
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Figure 3-3: The probability density (A) and the radial density distribution (B) of the
MANS- (0), MBNS- (O), SMCC- (X), LC-SMCC- (A), and NHS-PEG-MAL- ()

conjugates. In each case, maximal probability density and radial density were inversely
proportional to the size of the tether used.
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Figure 3-4: The MANS (0), MBNS (O0), SMCC (x), LC-SMCC (4), and NHS-PEG-

MAL () conjugates’ capacity to bind to HA in 50% bovine adult serum. The conjugates
synthesized using the MANS, MBNS and SMCC tethers bound to HA more extensively
than those synthesized with LC-SMCC and NHS-PEG-MAL.
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Figure 3-5: Binding isotherms of the MANS (¢), MBNS (0), SMCC (X), LC-SMCC (),

and NHS-PEG-MAL (x) conjugates with HA. Conjugate concentrations were serially
diluted two-fold from a maximum 10° cpm at 0.1 mg/ml and the resulting conjugate
binding was expressed as C. (the equilibrium concentration after the 3 h binding period)
versus I' (the amount of bound protein per gram of HA). The slopes and corresponding
correlation coefficient (rz) values for the each of the conjugates are: 91.7, 0.976; 39.5,
0.997; 86.0, 0.992; 30.0, 0.981; and 19.7, 0.989, respectively.
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Figure 3-6: Modulating bovine adult serum concentration affects the MANS (0), MBNS
(0), SMCC (X), LC-SMCC (4), and NHS-PEG-MAL () conjugates’ capacity to bind to
HA. Binding of the LC-SMCC and NHS-PEG-MAL conjugates were most adversely

affected by the increasing serum concentrations than the MANS, MBNS and SMCC
conjugates.
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~ Figure 3-7: Mean + SD of the capacity of native fetuin, and the MBNS, LC-SMCC, and
NHS-PEG-MAL conjugates to bind to Pro-Osteon® in vitro (A) as well as their retention
in the biomaterial 3 days after implantation in vivo (B). In both cases, the binding of the
MBNS, and LC-SMCC conjugates was superior to that of the NHS-PEG-MAL
conjugates and even more so the native fetuin.
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CHAPTER IV

ASSESSING THE BONE MINERAL AFFINITY OF

FETUIN-BISPHOSPHONATE CONJUGATES IN VIVO.
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INTRODUCTION

The need to induce the regeneration of bone, be it locally or systemically, is a
challenge that physicians currently face. Numerous growth factors have been identified
that can elicit bone deposition de novo upon their parenteral administration (1). Due to
the detrimental effects induced by growth factors at extra-skeletal sites, however, a means
of targeting these proteins to bone is essential so as to circumvent these effects while
concurrently taking advantage of their innate osteogenic properties. By virtue of their
high affinity for bone mineral (i.e. hydroxyapatite, HA), the conjugation of
bisphosphonates onto such growth factors is thought‘to be a feasible means of increasing
their affinity for ‘HA. Indeed, the conjugation of 1-amino-1,1-diphosphonate methane
(aminoBP) directly onto a protein’s lysine amino acid residues using succinimidyl-4-(N-
maleimidomethyl)-cyclohexane-1-carboxylate (SMCC) has successfully enhanced the
bone mineral affinity of several model proteins including bovine serum albumin (2, 3),
lysozyme (3), and fetuin (4, 5) in vitro. In fact, aminoBP conjugation has been shown to
enhance bovine serum albumin and lysozyme targeting to bone by up to 7.5-fold upon

parenteral administration of radiolabeled conjugates (3).
As a method to circumvent any potential loss of protein bioactivity elicited by the
direct chemical modification of its lysine amino acid residues, a second conjugation
~ scheme was designed to conjugate aminoBPs onto a glycoprotein’s carbohydrate moieties
using 4-(maleimidomethyl)cyclohexane-1-carboxyl-hydrazide (MMCCH) (4). This
approach takes advantage of the fact that the carbohydrate moieties of several osteogenic
growth factors, such as bone morphogenetic protein-2, do not play an integral role in their

osteogenicity (as evidenced through the bioactivity of the prokaryotically-expressed, non-
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glycoslyated forms of these proteins, 6). The aminoBP-fetuin conjugates prepared using
the carbohydrate-attached conjugates appeared to have a higher affinity than the lysine-
attached conjugates (4). To better understand the influence of aminoBP-fetuin conjugate
characteristics, a subsequent study investigated the effect of modulating tether length on
conjugate bone mineral affinity. Here, aminoBPs conjugated onto fetuin via shorter
tethers resulted in a superior affinity for mineralized matrices both in vitro and in vivo
than conjugates prepared using longer tethers (5). It was postulated that the differences in
binding affinity may have been due to: (i) fetuin’s amino acids facilitating aminoBP-
mediated conjugate binding; (ii) shorter crosslinkers allowing aminoBPs to be physically
closef together resulting in the potentiation of aminoBP binding; and/or (iii) steric
hindrance elicited by the coiled, and thus relatively bulky, longer tethers adversely
affecting aminoBP capacity to bind to HA (5).

This particular study was performed to characterize the SMCC-linked and
MMCCH-linked aminoBP-fetuin conjugate targeting to bone in vivo. Conjugates were
iodinated and administered through either intraperitoneal (IP) or intravenous (IV)
injection. Initially, the retention of these conjugates to a commercially-available coralline
hydroxyapatite matrix (i.e. Pro-Osteon®) was assessed in vitro as well as in vivo. The
results of this study highlight both the potential as well as the limitations associated with
the approach of conjugating bisphosphonates onto proteins as a means of imparting bone

affinity in vivo.
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MATERIALS AND METHODS

Materials

Bovine fetuin (lot #59H7616), 2-iminothiolane (2-IT), bovine adult serum,
trichloroacetic acid (TCA), and 1,3,4,6-tetrachloro-30,6a-diphenylglycouril (TCDG), and
3-(4-hydroxyphenyl)propionic acid N-hydroxysuccinimide ester (Bolton Hunter reagent)
were obtained from Sigma Aldrich (St. Louis, MO). The succinimidyl-4-(N-
maleimidomethyl)cyclohexane-1-carboxylate (SMCC), and 4-(maleimidomethyl)
cyclohexane-1-carboxyl-hydrazide (MMCCH) crosslinkers were acquired from
Molecular Biosciences (Boulder, CO). Pre-cast 4-20% LongLife polyacrylamide gels
were from Gradipore (Frenchs Forest, NSW, Australia). The Na'?’ (in 0.1 M NaOH) was
obtained from Perkin Elmer (Wellesley, MA). 0.9% NaCl was from Baxter Corporation
(Toronto, ON, Canada). The dimethylsulfoxide (DMSO) and N,N-dimethylformamide
(DMF) were from Caledon Laboratories (Georgetown, ON). The Spectra/Por dialysis
tubing with MW cutoff of 12-14,000 Da was acquired from Spectrum Laboratories
(Rancho Dominguez, CA). The preparation of HA, 1-amino-1,1-diphosphonate methane,
0.1 M phosphate buffer (pH 7.4), 0.1 M carbonate buffer (pH 10) and 0.1 M acetate
buffer (pH 4.5) have been previously described (2, 4). The SDS-glycine sample buffer for
electrophoresis was prepared as previously described (4). The SDS-PAGE running buffer
was prepared by the addition of 2.9% (w/v) Trizma Base, 14.4% (w/v) glycine, and 1.0%
(w/v) SDS in deionized water. The SDS-PAGE low molecular weight standard was from
BioRad (Richmond, CA). Metofane® (methoxyflurane), an inhalational anaesthetic, was
obtained from Janssen Inc. (Toronto, ON, Canada). The Pro-Osteon 200HA® implants,

which are coralline hydroxyapatite discs (10 mm in diameter x 4 mm in thickness) with
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porous three-dimensional micro-architecture similar to that of cortical bone (7), were
kindly donated by Interpore Cross International (Irvine, CA). Pre-sterilized Helistat®

absorbable collagen sponges were from Integra Life Sciences (Plainsboro, NJ).

AminoBP Conjugation onto Fetuin:

AminoBP conjugations onto fetuin were performed according to previously
published procedures (4). To conjugate aminoBP to the lysine groups of fetuin using
SMCC, fetuin (15 mg/ml in 0.1 M phosphate buffer) was incubated for 2.5 h with 10 mM
of SMCC (di_ssolved as 0.15 M in DMF). Separately, aminoBP was thiolated by
incubating equal volumes of aminoBP (80 mM in 0.1 M phosphate buffer) and 2-IT
solutions (40 mM in, 0.1 mM phosphate buffer) for 2.5 h. The product from this reaction
was then directly added to SMCC-reacted fetuin in equal volumes for 1.5 h. All reactions
were performed at room temperature. The removal of unreacted reagents (i.e. SMCC,
aminoBP, and thiolated aminoBP) was through extensive dialysis against 0.1 M
carbonate buffer (x 3) and dH,O (x 2).

To conjugate aminoBP to the carbohydrate groups of fetuin using MMCCH, the
oxidation of adjacent hydroxyl groups on fetuin’s carbohydrate moieties were first
oxidized through the use of 4 mM of NalOy (in 0.1 M acetate buffer). Following a 2.5 h
incubation, the samples were extensively dialyzed against dH,O and 0.1 M acetate buffer.
The oxidized fetuin was incubated with 10 mM MMCCH (dissolved as 0.15 M in DMF)
for 2.5 h, thiolated aminoBP, which had been prepared as described above, was added to
the MMCCH-reacted fetuin at equal volumes. This reaction was allowed to proceed for

1.5 h. All reactions were performed at room temperature. The unreacted reagents (i.e.
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MMCCH, aminoBP, and thiolated aminoBP) were removed through extensive dialysis.

All aminoBP-fetuin conjugates were stored at 4 °C.

Conjugation Efficiency

Protein concentrations were determined using the Bradford Protein Assay (8) as
follows: a 50 pl sample was added to 1 ml of the protein reagent, which consisted of
0.01% (w/v) Coomassie Blue R-250, 4.7% (w/v) ethanol, and 8.5% (w/v) phosphoric
acid. The sample’s absorbance was subsequently determined at 595 nm. A phosphate
assay, which was modified from the procedure by Ames (9), was used to determine
aminéBP concentration of the samples (2). The aminoBP concentrations of the fetuin
samples were used in combination with the protein concentration to yield the number of
aminoBPs conjugated onto fetuin as a mol:mol ratio. The exact number of aminoBPs
conjugated per protein used in each study is stated in the Results section. Where
indicated, unmodified fetuin and oxidized fetuin (without aminoBP conjugation were

used as a control for the SMCC and the MMCCH conjugates.

Assessment of Mineral Affinity In Vitro

Preparation of Radioiodinated Proteins: HA binding by the proteins was assessed by

using '“I-labeled proteins. The proteins used were labeled through one of two
radiolabeling techniques. The TCDG technique, which resulted in the attachment of '2°
onto the tyrosine and histidine residues, was as follows. In microcentrifuge tubes
previously coated with TCDG (200 pl of 20 pg/ml TCDG in choloroform), 100 pug of

protein was added to 50 pl of 0.1 M phosphate buffer (pH 7.4), and 20 pl of 0.01 mCi
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Na'® (in 0.1 M NaOH). The samples were incubated for 20 minutes, and dialyzed
against 0.05 M phosphate buffer (3x). Conversely, the Bolton-Hunter technique, which
resulted in the attachment of '*I onto the lysine residues, was as follows. In
microcentrifuge tubes previously coated with TCDG (as above), 50 pl of 50 mg/ml
Bolton-Hunter reagent (in DMSO) was added to 50 ul 0.1 M phosphate buffer and 20 pl
of 0.01 mCi Na'®’I (in 0.1 M NaOH). After 2 min, 100 ul of DMF and 200 pl of benzene
were added to extract the labeled Bolton-Hunter reagent into an organic phase, which was
isolated and dried under a stream of air. 100 pg of protein solution (diluted in ice-cold 0.1
M borate buffer (pH 8.5)) was added to the microcentrifuge tubes containing the labeled
Bolton-Hunter reagent. The reaction was allowed to continue for 2 h on ice. Unreacted
reagents (i.e. free '*°I or '>°’I —Bolton-Hunter reagent) was separated from the radiolabeled
protein via dialysis against 0.05 M phosphate buffer. After precipitating an aliquot of the
samples with 20% TCA, it was confirmed that all iodinated samples contained <5% free
1257

To further ensure the quality of the radiolabeled conjugates, 10 pg aliquots of
non-radiolabeled as well as 10° cpm of radiolabeled protein samples were mixed
separately with an SDS-glycine sample buffer and loaded onto a 4-20% Tris-HCI
polyacrylamide gel. The samples were run at 150 V for 1.5 h in an SDS-glycine running
buffer. The halves of the gel containing the hot and cold protein samples were separated.
The half of the gel containing the cold protein samples was stained overnight using a
Coomassie Blue R-250 (0.1% w/v Coomassie Blue R-250 in 10% v/v methanol and 10%
v/v acetic acid), destained (against a solution of 40% v/v methanol and 10% v/v acetic

acid) and scanned on a flat-bed scanner. The half containing the hot proteins, on the other
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hand, was exposed to x-ray film (XOMATTM, Kodak) for 30 min, and the film was

subsequently scanned on a flat-bed scanner.

HA-Based Matrix Binding In Vitro: Radiolabeled proteins were added to cold protein to

give a radioactive count of ~10° cpm at 0.1 mg/ml protein concentration. Along with 175
ul of 50% bovine adult serum (diluted with 0.9% saline), 5 mg of HA was added the
microcentrifuge tubes. After periodical shaking over a 3 h period, the samples were
centrifuged. The supernatant was collected and the pellet, consisting of HA, was washed
with 50% bovine adult serum, and re-centrifuged. This washing procedure was then
repeated twice more and the collected supernatant from each of these steps was
subsequently counted separately by a y-counter (Wallac Wizard 1470, Turku, Finland).
HA affinity, expressed as percentage HA binding, was calculated as follows: 100% x
(counts in HA pellet) + { (counts in HA pellet) + (counts in supernatants) }. As all
binding was assessed in duplicate, the mean + standard deviation was reported. The in
vitro HA affinity of all proteins used in this study were assessed.

The in vitro affinity of the proteins to the mineral matrix used for implantation
(ie. Pro-Osteon®) was also determined. A 50 pl aliquot, containing 2.5 x 10° cpm of
radiolabeled conjugate along with 0.1 mg/ml cold protein, was initially applied to each
autoclaved Pro-Osteon® disc as well as to each 1 cm?® Helistat® sponge. Following a 10
min-incubation, the matrices (n =3 Pro-Osteon® discs per group, n = 2 Helistat® sponges
per group) were washed thoroughly (5x) using 50% bovine adult serum in saline. The

supernatants collected from each of the washes, along with the matrices, were quantified
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separately using a y-counter. The affinity that the conjugates exhibited for the implants

was calculated using the “HA affinity” formula described above.

Assessment of Mineral Affinity In Vivo

Two month-old female Sprague-Dawley rats were purchased from Charles River
Laboratories (Quebec City, PQ). Rats were acclimated until 3-4 months of age under
standard laboratory conditions (23°C, 12 h of light/day) prior to the beginning of each
study. While maintained in pairs, rats were provided standard commercial rat chow and
tap water ad libitum. All procedures involving the rats were approved by the Animal

Welfare Committee at the University of Alberta (Edmonton, Alberta).

HA-Based Matrix Binding In Vivo: To assess conjugate affinity to an HA-based matrix in

vivo, Pro-Osteon® discs, which were prepared as described above, were implanted
subcutaneously. The initial counts in the implant were determined before implantation.
Once rats were anaesthetized with Metofane®, two Pro-Osteon® discs were implanted
into bilateral ventral pouches in each rat (2 rats per group). Three days following
implantation, the rats were killed by CO, asphyxiation. At necropsy, the implants and
thyroid were harvested from each animal. The radioactivity associated with the thyroid
and excised implants was quantified separately using a y-counter. The degree of protein
retention in the implants, expressed as a percentage of the initial dose, was calculated as
follows: 100% x { (initial counts in implant) — (final counts in implant) } + (initial

counts in implant).
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Assessment of Bone Targeting Upon Parenteral Administration
The studies performed to assess bone targeting of proteins are summarized in Table 4-1.
In Study 1, 300 pl of radiolabeled solution (containing ~10° cpm of hot protein, and 0.1
mg/ml cold protein diluted in 0.9% saline) was administered intraperitonealy (IP) into
each animal. To accurately assess the total dose administered, the radioactivity associated
with 300 pl aliquot of each of radiolabeled protein solution was assessed in duplicate
using a y-counter prior to injection. The values obtained were averaged and referred to as
the initial dose administered. Twenty-four hours after 'injection, all animals were killed
via CO, asphyxiation. At necropsy, a sample of blood was obtained via cardiac puncture
and weighed. The bilateral femora, bilateral tibiae, bilateral kidneys, spleen, sternum, and
a section of liver, which was weighed, were harvested. The radioactivity associated with
each tissue sample was determined separately using a y-counter. All values ( % injected
dose) were reported as mean + standard deviation (n = 3 for spleen, sternum and liver;
and n = 6 for femora, tibiae, and kidneys). The liver samples were normalized by dividing
the counts of the excised tissue by its weight. Consequently, the reported values for these
samples are in % dose/g. On the other hand, the volume of the blood was calculated by
dividing the weight of the sample by the density of rat blood (i.e. 1.05 g/ml, 10). As the
blood samples were subsequently normalized by dividing the counts by the volume of
blood obtained, the reported values for these samples are in % dose/ml.

To determine the TCA-precipitable counts in serum, a ~ 500 pul aliquot from each
blood sample was centrifuged for 5 min to separate the serum from the red blood cells
(RBCs). 1000 pl of 20% TCA was then added to the isolated serum fractions. Once re-

centrifuged for 5 min, the supernatant, which represented the TCA-soluble radioactive
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fraction, was isolated from the pellet. The radioactive counts in the supernatant, and
pellet, along with the RBCs were determined separately using a y-counter. The
percentage of radioactivity in the serum was determined by using the following formula:
100 x { (counts in the supernatant) / (counts in the supernatant + counts in the pellet +
counts in RBCs) }. The percentage of TCA-soluble radioactivity in the serum was
determined by using the following formula: 100 x { (counts in supernatant) / (counts in
the supernatant + counts in the pellet) }.

Studies 2-4 subsequently assessed conjugate targeting to bone upon IV injection.
With the exception of the route of administration used, nearly all details for these
experiments are similar to the procedures used in Study 1. 300 pl of re-labeled protein
sample was administered to each animal through tail vein injections. The localization of
the SMCC-linked aminoBP-fetuin conjugate was assessed 24 h (Study 2) as well as 6 h
and 48 h post-IV administration (Study 3). Additionally, Study 3 determined the amount
of radioactivity in the urine. For this, the animals were immediately placed into metabolic
cages following conjugate administration. The urine collected from each animal was
weighed; and the radioactivity in each sample was quantified using a y-counter. The
percentage of TCA-soluble radioactivity in the urine was determined by taking a ~300 pl
aliquot of urine and adding it to 200 pl of bovine adult serum and 1000 pl of 20% TCA.
After centrifugation, the counts within the pellet and supernatant were quantified
separately. The animals destined for sacrifice at 6 h were replaced in the metabolic cages
by those destined for 48 h sacrifice. Urine collected at the 24 h and 48 h time points were

analyzed as above. Study 4 determined the localization of the MMCCH-linked aminoBP-

106

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



fetuin conjugate 72 h and 144 h post-IV administration. All details for this experiment are

described above.

Statistics

Differences in protein binding, retention and targeting between proteins (in the in
vitro, in vivo matrix studies; as well as Studies 1 and 2) were assessed using Tukey post-
hoc comparison (p < 0.05, S-PLUS 2000 Professional, Release 2, Insightful Corp.,
Seattle, WA.). Comparisons between fetuin and either the SMCC-linked (Study 3) or the
MMCCH-linked (Study 4) aminoBP-fetuin conjugate groups were determined using

student’s #-test (p < 0.05, two-sided).

RESULTS

Assessment of Mineralized Matrix Affinity

The conjugates that had been prepared using SMCC and MMCCH contained 11.0
and 9.0 aminoBPs per fetuin, respectively. Gel electrophoresis was performed to ensure
that the process of radioiodination did not inadvertently cause protein fragmentation
(Figure 4-1). The autoradiographic bands produced by the radiolabeled proteins were in
line with the bands visualized by the Coomassie blue-stained, unradiolabeled proteins. As
no bands representing smaller molecular weight fragments were observed, radiolabeling
the proteins using the TCDG method did not lead to the fragmentation of fetuin, oxidized
fetuin, or aminoBP-fetuin conjugates. There were no bands corresponding to the presence
of larger molecular weight species as well, suggesting a lack of protein-protein

aggregation under electrophoresis conditions.
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The conjugates’ propensity to bind to bone mineral was assessed by an HA
binding assay. In 50% adult bovine serum, SMCC- and MMCCH-conjugation gave a 4.1-
and 2.4-fold better HA binding over unmodified fetuin and oxidized fetuin, respectively.
Under similar experimental conditions, the capacity of the same proteins to bind to Pro-
Osteon® was subsequently assessed in vitro. In parallel to the HA binding results, the
aminoBP-SMCC-fetuin bound 2.4-fold more tenaciously to the Pro-Osteon® discs than
fetuin, while the MMCCH-linked aminoBP-fetuin conjugate bound 1.3-fold higher than
oxidized fetuin (Figure 4-2A). To assess conjugate affinity for a non-mineralized matrix,
binding to collagenous Helistat® was assessed in vitro (Figure 4-2A). Although no
statistically significant differences were observed among protein binding to Helistat®, the‘
capacity of all proteins to bind to Helistat® was significantly lower than their ability to
bind to Pro-Osteon® (Figure 4-2A).

Conjugate retention to both the Pro-Osteon® and Helistat® matrices was
subsequently determined in vivo. Twenty-four hours after transplantation, the SMCC- and
MMCCH-linked aminoBP-fetuin conjugate retention to the Pro-Osteon® discs was 1.6-
and 1.5- times higher than fetuin, respectively (Figure 4-2B). With Helistat®, protein
retention was significantly lower than that observed with Pro-Osteon®. While there were
no differences between fetuin, oxidized fetuin and the MMCCH-linked aminoBP-fetuin
conjugate retention to Helistat®, a significant decrease in the SMCC conjugate retention
was observed relative to fetuin. No statistically significant inter-group differences were
observed in the amount of radioactivity recovered in the thyroid for either Helistat® (0.17
+ 0.06% of administered dose) or Pro-Osteon® (0.28 + 0.09 of administered dose).

Further analysis of the binding data revealed a statistically significant linear correlation
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between the in vitro and in vivo protein binding to Helistat® (Figure 4-2C, /* = 0.8956, p

<0.05) as well as to Pro-Osteon® (Figure 4-2D, r’=0.9214, p <0.025).

Assessment of Bone Targeting Upon Parenteral Administration

AminoBP-fetuin conjugate targeting to bone was initially assessed upon IP
administration. The SMCC-linked and MMCCH-linked aminoBP-fetuin conjugates used
for this experiment contained 6.1 and 7.1 aminoBPs per fetuin, respectively. Relative to
an average HA binding of 10.4 £+ 0.4% and 17.4 + 0.2% for the unmodified and oxidized
fetuin, respectively, the SMCC-linked and MMCCH-linked conjugates had an HA
binding of 52.1 £ 3.7% and 50.7 + 4.0%, respectively. Once their affinity for HA had
been established in vitro, the radiolabeled-protein biodistribution was assessed 24 h
following IP administration (Figure 4-3). With the exception of the spleen, conjugate
targeting to all organs analyzed, including osseous tissues (i.e. femora, tibiae and
sternum), was significantly lower than either fetuin or oxidized fetuin. A significant
increase in the amount of TCA-soluble radioactivity in the serum was observed for
aminoBP-fetuin conjugates relative to their controls (p<0.05).

The propensity of the aminoBP-fetuin conjugates to target to bone was
subsequently determined following IV administration. This study was performed with the
same conjugates as used in the IP injection study. Twenty-four hours following IV
administration, the delivery of oxidized fetuin was significantly higher in all osseous
tissues assessed (Figure 4-4). Conjugate targeting to the tibiac or sternum was not
significantly different than the unmodified fetuin. Their distribution, however, was

significantly lower in the kidneys, liver, spleen and blood relative to that of fetuin
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(»<0.0125). The TCA-soluble radioactivity in the blood was significantly higher in
aminoBP-fetuin conjugate groups (p<0.05).

Next, bone targeting was assessed at shorter (6 h) as well as longer (48 h) time
points following IV administration. The distribution of fetuin and the SMCC-linked
aminoBP-fetuin conjugate were determined 6 h and 48 h post-IV administration. Only the
SMCC-linked aminoBP-fetuin conjugate, which was the same preparation as above, was
used in this study. Although fetuin localization was significantly higher (p<0.0125) in the
kidneys 6 h after administration, differences in the biodistribution between fetuin and
SMCC-conjugates were not significant in any other organs assessed (Figure 4-5A). In
addition, no significant differences were observed between the percentage of the original
dose administered recovered from the thyroid of the fetuin group (8.1 + 1.1%) and that of
the SMCC conjugate group (9.4 + 2.6%). Forty-eight h post-administration, the
concentration of fetuin was significantly higher in the femora, tibiae, kidneys and blood
than that of the SMCC conjugate. SMCC conjugate localization in the spleen was higher
than that of fetuin (Figure 4-5B). No differences were found in the localization of
radioactivity in the thyroid of the fetuin group (8.3 + 1.3%) and that of the SMCC-linked
aminoBP-fetuin conjugate group (8.8 + 3.2%). Likewise, no differences were observed in
urinary parameters (i.e. % dose recovered, and TCA-soluble radioactivity in the urine)
between the two groups at any of the time points assessed (Table 4-2). Although there
were no inter-group differences in TCA-soluble radioactivity in the blood at 48 h, the
levels in the SMCC conjugate group were significantly higher than fetuin at the 6 h time

point.
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The distribution of fetuin and the MMCCH-linked aminoBP-fetuin conjugates,
which had been radiolabeled with the Bolton-Hunter chemistry, was assessed 72 h and
144 h post-IV administration. The conjugation efficiency of the MMCCH conjugate used
in this experiment was 4.1 aminoBPs per fetuin. The in vitro HA binding of the '*I-
labeled fetuin, oxidized fetuin, and MMCCH conjugate was 47.33 + 3.2%, 47.8 + 0.7%,
and 62.4 + 2.8%, respectively. Seventy-two h post-IV administration, there were no
differences between fetuin and conjugate localization to the femora, tibiae, sternum,
spleen, and blood (Figure 4-6A). Increased conjugate localization was observed in the
liver, while increased concentrations of fetuin were observed in the kidneys. Levels of
radioactivity were significantly greater (p < 0.05) in the thyroid of the fetuin group (2.8 +
0.8%) than of the MMCCH-linked aminoBP-fetuin conjugate group (1.0 + 0.4%).
Following the same trends at the 72 h sacrifice time point, no statistically significant
differences were observed in protein localization to the femora, tibiae, sternum, or blood
144 h after administration (Figure 4-6B). In addition to the differences in the liver and
kidneys observed at the 72 h time point, a significant difference in protein localization in
the spleen was observed at the 144 h time point. No differences were found in the thyroid
of the fetuin and MMCCH conjugate groups (1.0 + 0.1% and 1.2 + 0.2%, respectively),
the percentage of dose recovered in the urine, the percentage of radioactivity in serum

and the percentage of TCA-soluble radioactivity in serum (Table 4-3).
DISCUSSION

Conjugation of aminoBP onto glycoproteins, through the use of either the SMCC

or the MMCCH chemistry, was designed to enhance their bone mineral affinity. Detailed
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characterization of these conjugates performed in previous studies suggested that their
affinity for various HA-based matrices increased in a manner proportional to the extent of
aminoBPs conjugated onto them (4). This study was undertaken to evaluate the in vivo
bone affinity of aminoBP-fetuin conjugates prepared using both the SMCC- and
MMCCH-based reactions. The conjugates’ binding and retention to Pro-Osteon® was
determined prior to assessing their capacity to target to bone upon parenteral
administration. Proteins with high affinity for mineralized matrices are expected to be
beneficial in two aspects: (i) improved protein retention to mineralized implants; and (ii)

enhanced targeting of proteins to bone upon parenteral administration.

Assessment of Mineralized Matrix Affinity: Due to the problems associated with the use

of biologically-derived grafts in the repair of large osseous defects, the utilization of
synthetic mineralized matrices is becoming increasingly more prevalent. To improve the
osteoconductivity as well as the osteoinductivity (and thus the osseointegration) of HA-
based implants, numerous studies have examined the effects of implant treatment with an
osteogenic growth factor. For example, the treatment of a porous ceramic HA matrix with
recombinant human bone morphogenetic-2 (rhBMP-2) prior to implantation significantly
improved implant performance over non-treated groups in a calvarial implant model in
rabbit (11). Similarly, the treatment of: (i) biphasic ceramic HA/tricalcium phosphate
implants with rhBMP-2 in a spinal fusion model in sheep (12); and (ii) HA-coated
titanium rods with recombinant human transforming growth factor-f, in a canine
implantation model (13) enhanced radiological and histological indices of

‘osseointegration over control groups. Recently, a correlation was demonstrated between
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an osteogenic protein’s osteoinductivity and its retention onto various matrices in vivo
(14). In light of these observations, it was postulated that conjugation of aminoBP onto
proteins may enhance protein retention to HA-based/coated matrices, and thus further
improve the performance of growth factor-treated HA implants.

To this end, the capacity of both the MMCCH-linked and SMCC-linked
aminoBP-fetuin conjugates to bind to a Pro-Osteon® was assessed in vitro as well as in
vivo. Pro-Osteon® was used in this study because of its utilization in various clinical
applications (7). As expected, conjugation of aminoBP through the use of either
chemistry resulted in a significant increase in fetuin’s capacity to bind and be retained to
Pro-Osteon® implants (Figure 4-2). An initial concern in these studies was the impact
that aminoBP conjugation would have on protein solubility. Through the use of BMP-2,
Uludag et al. demonstrated that chemical modification of a protein may alter its
physiological solubility (14). This is significant as an increase in BMP-2’s inherent
solubility, as a result of a modification, resulted in rapid protein loss from various
implants irrespective of the physicochemical nature of the implant, which included
Helistat® and Osteograf/N® (an HA-based matrix). Based on these results, a causal
relationship between a protein’s solubility and its rate of release from implants was
established (14). Given that conjugation of aminoBP onto fetuin through the use of either
the SMCC or MMCCH approach may alter the glycoprotein’s solubility, conjugate
binding and retention to Helistat®, a non-mineral containing matrix, was consequently
determined as a control. Protein retention to Helistat® suggests neither the process of
oxidation nor conjugation via the SMCC- or the MMCCH-based chemistries significantly

affected fetuin’s inherent solubility. As such, changes in solubility were considered
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negligible in influencing conjugate retention in Pro-Osteon®; thus the increase in
conjugate retention to this matrix was due to aminoBP conjugation. Plotting both protein
binding to Helistat® as well as Pro-Osteon® in vitro versus in vivo revealed a statistically
significant correlation (p < 0.05, and p < 0.025, respectively). All together, these results
suggest that the conjugation of aminoBP onto fetuin through the use of either chemistry is
appropriate for enhancing the glycoprotein’s affinity and retention to an HA-based matrix
in vivo. Furthermore, the results indicate that the in vitro experimental set-up described in
this study may be used to accurately predict the retention of proteins to either Helistat® or
Pro-Osteon® in vivo. Given that aminoBP conjugation onto fetuin was shown to increase
protein retention in an implantation model, systemic conjugate targeting to bone was

subsequently assessed.

Bone Targeting Upon Parenteral Administration: Conjugate targeting to bone was

attempted using IP as well as IV routes of administration. Conjugation of aminoBP using
either chemistry did not result in the targeting of fetuin to bone. With the exception of
spleen, levels of radioactivity in all of the tissues assessed were significantly less in the
conjugate-treated groups than that of control fetuin upon IP injection. Increased levels of
TCA-soluble radioactivity in the serum of the IP-injected aminoBP-fetuin conjugates
suggested that either disassociation of the radiolabel from the conjugates or degradation
of the conjugates into low molecular weight species in vivo (15) may be responsible for
the observed trends. Additionally, these results may also be due to: (i) poor conjugate

uptake by the lymphatic system from the peritoneal cavity resulting in decreased systemic
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exposure (16); (ii) metabolism by the reticuloendothelial system (namely the spleen); or
(iii) a combination of these mechanisms.

To address the possibility of poor lymphatic uptake from the peritoneum,
conjugate targeting to bone was assessed upon IV administration (Figure 4-4). Similar to
the trends observed upon IP injection, levels of conjugate-associated radioactivity were
lower than either fetuin or oxidized fetuin in the majority of tissues analyzed. Here, the
results initially suggested that the oxidation of fetuin enhanced its affinity for osseous
tissues (as levels of radioactivity in the femora, tibiae, and sternum were significantly
greater in the oxidized fetuin group). Bgcause levels of oxidized fetuin were significantly
higher in the blood, these results should be interpreted with caution as this phenomenon
may simply be due an increase in the oxidized glycoprotein’s systemic bioavailability.
Given that the IV route of administration ensured that the initial systemic exposure of
each of the glycoproteins assessed was identical, the possibility of poor lymphatic uptake
into systemic circulation was eliminated as a cause for the lack of conjugate targeting to
bone. The observed increased TCA-soluble radioactivity in the blood of the aminoBP-
fetuin conjugate-treated groups (both the SMCC and MMCCH conjugates) suggested that
conjugate catabolism and/or radiolabel disociation from the conjugates had occured. To
differentiate between these two possibilites, urine was collected in subsequent
experiments following the IV administration of the proteins. No significant differences
between fetuin and the conjugate groups were found in any of the urinary parameters
assessed (i.e. % dose recovered in the urine, and TCA-soluble radioactivity in urine) in
these studies. Because the TCA-soluble radioactivity in the serum was generally

significantly higher in the conjugate-treated groups, while both the urinary parameters as
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well as the amount of radioactivity in recovered in the thyroid were the same among
fetuin and conjugate groups, the radioactivity quantified in the serum was likely the
products of protein metabolism and not dissociated 'L

Radiolabeling is the most convenient method of assessing protein
pharmacokinetics. As oxidative radiolabeling via the TCDG method has been shown to
alter the biochemical properties of several proteins (17-21), it was thought that iodination
using this technique may be a reason for negating the aminoBP-fetuin’s inherent affinity
to bone once administered parenterally. The Bolton-Hunter technique was chosen as an
alternate means of radiolabeling as this method had not adversely altered the biochemical
properties of IgM (18), IgG1 (19); and placental insulin receptors (20) while the TCDG
method had. Interestingly, labeling with the Bolton-Hunter technique resulted in a ~ 3-
fold increase in fetuin’s as well as oxidized fetuin’s capacity to bind to HA in 50%
bovine serum as compared to TCDG-labeled samples. The reason(s) for increased in vitro
HA binding was not known. As above, no differences between the Bolton-Hunter-
radiolabeled fetuin and MMCCH-linked aminoBP-fetuin conjugate were found in their
capacity to target to bone 72 and 144 h following IV administration. Using fetuin as a
reference, levels of the MMCCH conjugate was significantly higher in the spleen as well
as the liver at 144 h. Although no differences were found in any of the urinary or serum

parameters between the two groups, these data suggest that the spleen may play an
integral role in the degradation of the conjugates. Consequently, the radiolabeling
technique employed did not affect the conjugates’ incapacity to target to bone.

Taken together, these data suggest that neither SMCC- nor MMCCH-linked

aminoBP conjugation enhanced fetuin targeting to bone. These observations were
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unexpected as SMCC-mediated aminoBP conjugation enhanced the bone targeting of
bovine serum albumin and lysozyme upon intravenous and subcutaneous administration
in normal as well as ovariectomized rats (3). Given the increase in protein degradation of
the conjugates, the presence of aminoBP may have increased fetuin’s susceptibility to
splenic and/or hepatic degradation. Based on these observations, the capacity of
aminoBP-mediated bone targeting appears to be protein-specific. Because these albumin
and lysozyme conjugates contained 11.0 and 3.9 aminoBPs/protein, respectively, the
extent of aminoBP conjugation onto fetuin (i.e. between 4-7 aminoBPs/fetuin) was not
likely the reason for the lack of bone targeting in these studies. As unmodified fetuin is
48.4 kDa, while albumin and lysozyme are 66 and 14 kDa, respectively, the
glycoprotein’s size was not likely an issue. Exploring fetuin’s innate physiological and
physicochemical properties may offer some insight into explaining the inability of
aminoBP conjugation to target fetuin to bone.

The negative charges of fetuin’s -sheet in its cystatin-like domain D1 imparts an
ability to bind to basic calcium phosphate (BCP) (22). Through its ability to bind to BCP,
it is thought that the formation of 30-150 nm colloidal “calciprotein particles” consisting
of up to 100 molecules of fetuin bound to apatitic microcrystals enables fetuin to delay
the growth of these calcium microcrystals and facilitates their mobilization and
subsequent removal from circulation via the hepatic and splenic phagocytes in the
reticuloendothelial system (22). Corroborating its ability to prevent the precipitation of
calcium and phosphate in vitro (22-24), fetuin has been shown to be an integral
component in mitigating aberrant mineralization in vivo (25-28). As the aminoBP-fetuin

conjugates used in these studies have a higher capacity to bind to HA than unmodified
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fetuin (4, 5), it was postulated that these fetuin conjugates may be more efficient in
forming “calciprotein particles”-like complexes in vivo than either fetuin or oxidized
fetuin. This may serve to explain the conjugates’ increased susceptibity to the liver and
spleen; and the significant decrease in the blood levels of the aminoBP-fetuin conjugate
groups relative to fetuin (Figures 4-4 and 4-5) at shorter time points (i.e. < 48 h )
following administration. That other conjugates (i.e. lysozyme and albumin) were
successfully targeted to bone suggests that interaction of circulating microapatitic crystals
does not occur to a significant degree with these bisphosphonate-protein conjugates.
Futher insights into the inablility of aminoBP to target fetuin to bone may be
drawn from the findings of Hirabayashi et al. (29, 30). In exploring the pharmacokinetics
of a diclofenac-BP conjugate, it was shown that the amount of conjugate recovered in
skeletal tissue increased as the duration of intravenous infusion increased from 0 (i.e.
bolus injection) to 0.5 h. Lengthening the rate of infusion was also associated with an
decrease in the amount of diclofenac-BP conjugate recovered in the liver and spleen (29).
In a related study, it was found that increasing the dose of a diclofenac-BP conjugate
administered IV actually decreased the degree of skeletal targeting while increasing the
conjuguate’s accumulation in the liver and spleen (30). To account for these observations,
it was postulated that at high serum concentrations, the BP-diclofenac conjugate formed a
complex with serum calcium, which upon precipitation, accumulated in both the liver and
spleen. Consequently, by either decreasing the amount of conjugate administered or by
lengthening the duration of administration, the serum concentration of the diclofenac-BP
conjugate remained below the point at which calcium-diclofenac-BP precipitation occurs;

thus resulting in increased bioavailability and increased skeletal targeting (29, 30). Given
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that IP and IV administration resulted in a similar conjugate biodistribution, decreasing
the rate of aminoBP-fetuin conjugate infusion is not likely to influence the degree of
conjugate targeting to bone. It was conceivably possible, however, that the dose of
aminoBP-fetuin conjugates administered was simply too high to observe bone targeting.
The dose of protein administered in these studies, however, was comparable to that used
to achieve bone targeting in Uludag et al. (4) and significantly less than fetuin’s
endogenous serum concentrations of 2.5-4.5 mg/ml (3 1‘). Thus, the protein concentration
of the dose administered in this study (i.e. 0.1 mg/ml) was not a likely factor in
preventing conjugate targeting to bone. Future studies should be performed to assess the

effects of modulating the dose of conjugate administered on bone targeting.

CONCLUSIONS

AminoBP conjugation enhanced fetuin’s affinity for HA in vitro. Similarly,
conjugation of aminoBP onto fetuin did increase the glycoprotein’s retention to an HA-
based matrix in an ectopic rat model. These results suggest that this approach may be
feasible to enhance the retention, and thus possible the biological effect, of osteogenic
proteins when implanted with an HA-based matrix in vivo. Upon parenteral
administration, however, no discernable differences were found between either of the
SMCC-linked or the MMCCH-linked conjugates’ ability to target to osseous tissues.
Despite the increase in conjugate binding and retention to an HA-based matrix in vivo,
these data suggested that aminoBP conjugation may increase fetuin’s susceptibility to the
reticuloendothelial system (liver and spleen). As this was unlike other proteins previously

targeted to bone, the capacity of aminoBP-conjugation to enhance protein targeting to
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bone upon parenteral administration was determined to be protein-specific. Thus, future
studies should be conducted to elucidate which proteins are appropriate for

bisphosphonate-based targeting.
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Table 4-1: Study Summary of Conjugate Targeting upon Parenteral Administration

Group Route of No. of Rats Radiolabeling Sacrifice
Study Proteins Injected
Number Administration | per Group Technique Time Points

1 P 1* Fetuin TCDG 24h

2 P 3 SMCC-conjugate TCDG 24h
1 3 Ip 2* Oxidized Fetuin TCDG 24h

4 I 2% MMCCH-conjugate TCDG 24h

1 v 3 Fetuin TCDG 24h

2 v 3 SMCC-conjugate TCDG 24h
: 3 v 3 Oxidized Fetuin TCDG 24 h

4 v 3 MMCCH- conjugate TCDG 24h

1 v 3 Fetuin TCDG 6h
, 2 v 3 Fetuin TCDG 48 h

3 v 3 SMCC-conjugate TCDG 6h

4 v 3 SMCC-conjugate TCDG 48h

1 Iv 3 Fetuin Bolton-Hunter 72 h

2 Iv 3 Fetuin Bolton-Hunter 144 h
! 3 v 3 MMCCH-conjugate | Bolton-Hunter 72h

4 v 3 MMCCH-conjugate | Bolton-Hunter 144 h

) Although 3 rats per group were typically used, some rats were eliminated due to
inadvertent administration to the gastrointestinal tract.
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2345

Figure 4-1: Gel electrophoresis of unlabeled (A) and radiolabeled proteins (B). The
samples were initially run on SDS-PAGE and subsequently visualized via Coomassie
staining (A) or autoradiography (B), respectively. Lanes contain the following samples:
1. molecular weight standard (kDa); 2. fetuin; 3. aminoBP-SMCC-fetuin conjugate, 4.
oxidized fetuin; 5. aminoBP-MMCCH-fetuin conjugate.
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Figure 4-2: Conjugate binding to Pro-Osteon (black bars) and Helistat (white bars) was
determined in 50% adult bovine serum in vitro (A) as well as in vivo (B). A linear
correlation was observed between protein binding in vitro and protein retention in vivo in
both Helistat (C, ¥’ = 0.8956, p < 0.05) as well as Pro-Osteon (D, 7 = 0.9214, p <0.025).
* p<0.0125. Note the difference in scale for C and D.
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Serum (%)
Unmodified Fetuin 5.3
AminoBP-Fetuin (SMCC) 203+46"°
Oxidized Fetuin 45+0.7
AminoBP-Fetuin (MMCCH) 30.6+59 *

Figure 4-3: The biodistribution of the aminoBP-SMCC-fetuin and the aminoBP-MMCCH-fetuin conjugates and their respective
controls 24 h after IP administration. The amount of radioactive counts for each site was normalized by the average dose administered
per animal. The % administered dose to liver and blood was further normalized by the wexght of the t1ssue and by the volume
obtained, respectively. Listed in the table is a summary of the TCA-soluble fraction in the serum. * p < 0. 05;°p < 0.025; °p < 0.0125
vs. fetuin group.
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Figure 4-4: The biodistribution of the aminoBP-SMCC-fetuin and the aminoBP-MMCCH-fetuin conjugates and their respective
controls 24 h after IV administration. The amount of radioactivity (i.e. counts) for each site was normalized by the average dose
administered per animal. The % administered dose to liver and blood was further normalized by the weight of the tissue and by the
volume obtained, respectively. Listed in the table is a summary of the TCA-soluble fraction in the blood. *p < 0.05;° p < 0.025 vs.

fetuin group.
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Figure 4-5: The biodistribution of the SMCC-conjugates (dark bars) and fetuin (white bars) 6 h (A) and 48 h (B) after IV
administration. The amount of radioactivity (i.e. counts) for each site was normalized by the average dose administered per animal.
The % administered dose to liver and blood was further normalized by the weight of the tissue and by the volume obtained,
respectively. * p < 0.05; ° p < 0.025; ° p < 0.0125 vs. fetuin group.
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Table 4-2: Urinary and Blood Analysis 6, 24 and 48 h post-IV administration.

6h 24 h 48 h

Group Dose TCA-Soluble | TCA-Soluble Dose TCA-Soluble Dose TCA-Soluble | TCA-Soluble
Recovered in | Radioactivity | Radioactivity | Recoveredin | Radioactivity | Recovered in | Radioactivity | Radioactivity
Urine (%) in Urine (%) | in Blood (%) Urine (%) in Urine (%) Urine (%) | in Urine (%) | in Blood (%)

Unmodified Fetuin 335+1.0 90.4+ 1.1 11.7+ 1.7 14.8+7.0 89.0+0.8 3.8x1.1 90.0x+2.1 269+33

AminoBP-Fetuin (SMCC) 17.2+'18.8 89.7+13 572+6.6" 19.0+2.6 89.5+0.8 2.0+0.8 88.3+2.2 8.7+12.7

® p <0.05 vs. fetuin group.
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Figure 4-6: The biodistribution of the MMCCH-conjugates (dark bars) and fetuin (white bars) 72 h (A) and 144 h (B) after IV
administration. The amount of radioactivity (i.e. counts) for each site was normalized by the average dose administered per animal.
The % administered dose to liver and blood was further normalized by the weight of the tissue and by the volume obtained,
respectively. ® p < 0.05; ° p < 0.025;° p < 0.0125 vs. fetuin group.
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Table 4-3: Urinary and Blood Analysis 72 and 144 h post-IV administration.

72h 144 h

Group Dose TCA-Soluble Dose TCA-Soluble

Recovered in | I in Serum (%) |Radioactivity in|  Recovered in 1257 in Serum (%) Radioactivity

Urine (%) Serum (%) Urine (%) in Serum (%)
Unmodified Fetuin 289+ 4.6 71.5+48 55+3.5 32+14 62.0£2.7 13.2+4.4
AminoBP-Fetuin MMCCH) | 251452 82.0+5.7 15.8+10.4 2.4%0.5 64.2+3.0 104+3.9
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CHAPTER Y

IMPARTING BONE MINERAL AFFINITY TO
OSTEOGENIC PROTEINS THROUGH HEPARIN-

BISPHOSPHONATE CONJUGATES'.

! The contents of this chapter have been previously published in: Gittens SA, Bagnall K, Matyas JR,
Loebenberg R, and Uludag H. Imparting Bone Affinity to Osteogenic Proteins through the Use of Heparin-
Bisphosphonate Conjugates. J. Control. Release (2004) 98(5): 255-268.
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INTRODUCTION

Much attention has recently been given to the emerging prospect of using
osteogenic growth factors to elicit the systemic regeneration of bone upon their parenteral
administration (reviewed in 1). Because of their pleiotropic nature, however, these
proteins have been shown to mediate numerous extra-skeletal side effects that currently
preclude them from being used clinically for indications such as osteoporosis. For
example, the systemic administration of basic fibroblast growth factor (bFGF) resulted in
non-specific distribution leading to the development of anemia as well as pathological
changes to the kidneys (e.g. glomerular lesions) in various animal models (2, 3). Bone
morphogenetic protein (BMP)-2, on the other hand, has been shown to elicit undesirable
heterotropic bone formation away from sites of administration (4). To circumvent the
generation of such adverse effects, these growth factors must be targeted to osseous
tissues, whereby they can stimulate bone formation through bone cell proliferation and
differentiation (1) with minimal distribution to other sites.

In response to the inherent need to deliver these osteogenic growth factors to
skeletal tissue, we are currently pursuing the strategy of modifying proteins with
bisphosphonates, so that the exceptionally high affinity that these pyrophosphate analogs
have for the mineral component of bone (i.e. hydroxyapatite, HA) will be imparted onto
the proteins. In fact, it has already been shown that the conjugation of 1-amino-1,1-
diphosphonate methane (aminoBP) directly onto bovine serum albumin (5-7), lysozyme
(7), and fetuin (8, 9) increased these proteins’ affinity for bone and/or mineralized
biomaterial matrices both in vitro and in vivo. One of the primary concerns with this

approach, however, is the effect that direct aminoBP conjugation will have on protein
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bioactivity. A review of the literature suggests that the way in which chemical
modifications will affect a given protein’s bioactivity is protein-specific. For example,
moderate chemical modifications of bFGF’s lysine groups (via biotinylation) (10) or its
cysteine groups (via carboxymethylation) (11) does not appear to affect its bioactivity in
vitro; although excessive biotinylation (10) or site directed mutagenesis of specific lysine
groups (K to Q) diminishes bFGF’s bioactivity (12). On the other hand, the influence of
chemical modification on BMP-2’s bioactivity in vivo appeared to be dependent on the
chemistry used to biotinylate the protein itself (13). It is expected that various osteogenic
proteins may be chosen to be targeted to bone, and that 3-10 aminoBP moieties per
protein are expected to be required to yield sufficient protein targeting upon systemic
administration. Consequently, the chemical conjugation of BPs onto a given osteogenic
protein may inadvertently alter its tertiary structure, ultimately culminating in the
potential loss of the protein’s bioactivity.

Consequently, a drug delivery system was developed that could effectively
enhance the bone mineral affinity of osteogenic growth factors without the need to
chemically modify protein. In delineating an appropriate approach to achieve this goal,
heparin, an ubiquitously-found, anionic glycosaminoglycan typically associated with its
anti-coagulant activity (14), was chosen as the foundation of our delivery system due to
its inherently high affinity for various proteins, including basic fibroblast growth factor
(bFGF) (14-16), bone morphogenetic protein (BMP)-2 (17, 18) acidic fibroblast growth
factor (14), BMP-4 (18), BMP-7 (19, 20) vascular endothelial growth factor (16),
platelet-derived growth factor (16) and transforming growth factor-p; and B, (16, 21). It

was postulated that by conjugating aminoBP directly onto heparin, a mineral affinity
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would be imparted onto glycosaminoglycan. Providing that the process of conjugation
does not compromise heparin’s affinity for the aforementioned bone-regulating proteins,
the corollary effect of combining the aminoBP-heparin conjugate with these cytokines
should be a corresponding increase in their affinity for bone mineral. In its very essence,
the premise behind this approach is that heparin, engineered to have a high affinity for
bone, will serve as a drug delivery system that can ultimately target heparin-binding
proteins to bone to achieve a therapeutic response following its parenteral, systemic
administration.

Accordingly, this study was performed to: (i) determine the feasibility of
conjugating aminoBP onto heparin through the use of 4-(maleimidomethyl)cyclohexane-
1-carboxyl-hydrazide; (ii) assess the aminoBP-heparin conjugates’ affinity for HA
affinity in vitro; and (iii) establish the capacity of these conjugates to increase the affinity
of both bFGF and BMP-2 to bone mineral. Both bFGF and BMP-2 were chosen as model
heparin-binding, osteogenic proteins in this study because of their availability and ability
to elicit the regeneration of bone in vivo (1). A novel approach is introduced that is
engineered to enhance the affinity of osteogenic cytokines to bone without the previous

prerequisite of directly modifying these bioactive proteins.

MATERIALS AND METHODS
Materials:
The compound 4-(maleimidomethyl)cyclohexane-1-carboxyl-hydrazide
(MMCCH) was acquired from Molecular Biosciences (Boulder, CO). Heparin (sodium

salt isolated from porcine intestinal mucosa; lot 082K1498), 2-iminothiolane (2-IT),
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bovine adult serum, sodium periodate (NalOy), trichloroacetic acid (TCA), 1,3,4,6-
tetrachloro-3a,6a-diphenylglycouril (TCDG) were obtained from Sigma Aldrich (St.
Louis, MO). Na'®’I (in 0.1M NaOH) was obtained from Perkin Elmer (Wellesley, MA),
while toluidine blue O and hexanes were acquired from Fisher Scientific (Fairlawn, NJ).
Saline (0.9% NaCl) was obtained from Baxter Corporation (Toronto, ON). The NAP-10
columns used were obtained from Amersham Pharmacia Biotech (Baie d’Urfé, QC). 2,4-
dinitrophenylhydrazine (DNP) was from Kodak (Rochester, NY). N,N-
dimethylformamide (DMF) was from Caledon Laboratories (Georgetown, ON). The
Spectra/Por dialysis tubing with MW cutoff of 12-14,000 Da was acquired from
Spectrum Laboratories (Rancho Dominguez, CA). The phosphate (pH 7.4), and 0.1 M
carbonate (pH 10) buffers were prepared as described by Uludag ef al. (5), whereas the
0.1 M sodium acetate buffer was prepared as described by Chamow et al. (22). The
buffer used to facilitate the interaction between bFGF and BMP-2 with heparin, referred
to as Kamei’s buffer, was prepared according to Kamei et al. (23). Briefly, NaCl and KCI
were added to 10 mM phosphate buffer to yield a final concentration of 138 mM and 2.7
mM, respectively. The glycine buffer used was prepared by adjusting the pH of 0.1 M
glycine to 3 using 0.1 M HCI. Basic fibroblast growth factor (bFGF, lot number: 000172)
was obtained from BD Biosciences (Bedford, MA) while bone morphogenetic protein-2
(BMP-2) was purchased from Dr. W. Sebald (Universitit Wiirzburg, Wiirzburg,

Germany). The hydroxyapatite (HA) and aminoBP were prepared as described in Uludag

et al. (5).
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AminoBP Conjugation onto Heparin (Figure 5-1):

Initially, the vicinal diol groups within heparin’s unsulfated glucuronic and
iduronic acid residues (24) were selectively oxidized (8, 22) by treating heparin (25
mg/ml in 0.1 M acetate buffer) with 25 mM of NalO,. Following a 2.5 h incubation, the
process of oxidation was terminated by extensive dialysis against dH,O and subsequently
against 0.1 M acetate buffer. The oxidized heparin was then reacted for 2.5 h with 25 mM
MMCCH (stock solution dissolved as 150 mM in DMF), a heterobifunctional crosslinker
whose nucleophilic hydrazine and electrophilic maleimide moieties react with aldehyde
and -SH groups, respectively. Separately, aminoBP was thiolated by incubating equal
volumes of aminoBP (80 mM in 0.1 M phosphate buffer) with 2-IT solution (40 mM in
0.1 mM phosphate buffer) for 2.5 h. The product from this reaction was then added
directly to MMCCH-reacted heparin in equal volumes for 2.5 h. To remove the unreacted
reagents (i.e. aminoBP, 2-IT, thiolated aminoBP, and crosslinker) the conjugates were

thoroughly dialyzed against 0.2 M carbonate buffer (x3) and deionized water (x2).

Analysis of the Conjugates:

Heparin Assay (25): A 100 pl heparin-containing sample was added to 400 pl of 0.2%

NaCl and 600 pl of heparin reagent (0.05% toluidine blue in 0.01 N HCI and 0.2%
NaCl). Following the addition of 1000 ul of hexanes, the sample was shaken and the
absorbance of the aqueous layer was determined at 630 nm. Serially diluted heparin
reconstituted in dH,O was used for the calibration curve.

DNP Assay for Aldehydes (27): A 50 wl aliquot of oxidized heparin was added to 2.5 ml

of 0.2 mM DNP (in 1 M HCI) and incubated for 1 h at 37 °C. The absorbance of the
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samples was determined at 370 nm. Serially diluted formaldehyde (in dH,O) was used for
the calibration curve. Once the aldehyde and heparin concentrations were quantified, the

number of aldehyde groups per heparin was calculated (mol:mol ratio).

Phosphate Assay: The phosphate assay was modified from the original procedure of
Ames (27) and has been described previously (5). A calibration curve consisting of
known concentrations of aminoBP dissolved in dH,O was utilized. The phosphate
concentrations generated were used in combination with the results from the heparin

assay to yield the number of aminoBPs conjugated onto heparin (mol:mol ratio).

Assessment of Conjugate Affinity to Hydroxyapatite:

Hydroxyapatite Binding: The details of the hydroxyapatite (HA) binding assay have been

described previously (5, 8). Briefly, an aliquot of heparin sample (~60 pg) was added to a
microcentrifuge tube containing 5 mg of HA‘ with 150 mM phosphate buffer (pH 7.4).
The molarity of this phosphate buffer had previously been determined to provide the
optimal conditions for differentiating HA binding between the conjugate and unmodified
heparin. After being shaken for 2.5 h at room temperature, the samples were centrifuged
and the heparin concentration in the supernatant was subsequently determined using the
previously described Heparin assay. HA affinity (expressed as %binding) was calculated
as follows: 100% x {(heparin concentration without HA) — (heparin concentration with
HA)} + (heparin concentration without HA). As all binding was assessed in duplicate, the

average values were reported.
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Assessment of bFGF and BMP-2 Affinity to HA:

Protein_Iodination: The binding was assessed by using '*’I-labeled proteins. In tubes

previously coated with TCDG (200 ul of 20 pg/ml TCDG in choloroform), 10 pg of
either bFGF or BMP-2, both of which had been reconstituted to a concentration of 0.2
pg/ul, was added to 30 ul of 0.1 M phosphate buffer (pH 7.4), and 20 pl of 0.01 mCi of
Na'®I (in 0.1 M NaOH). After reacting for 20 minutes, free '*’I was separated from the
radiolabeled protein by elution on a NAP-10 column with 0.1 M phosphate buffer (pH
7.4), and 0.1 M glycine buffer (pH 3) for bFGF and BMP-2, respectively. It was assumed
that the amount of protein recovered following elution was 100%. Once an aliquot of the
samples was precipitated with 20% trichloroacetic acid, it was confirmed that the

radioiodinated proteins contained <5% free '*°L.

HA Binding Assay: Assuming 100% recovery after NAP-column filtration, 5.5 pmol of

either bFGF or BMP-2 was added to 550 pmol of heparin sample in Kamei’s buffer
containing 1.5% bovine adult serum to ensure a 100:1 (mol:mol) ratio between heparin
and protein. After a 1 min incubation at 23 °C, 50 pl aliquots of the protein-heparin
mixture were added to 1.5 ml microcentrifuge tubes containing 5 mg of HA and 200 pl of
binding buffer consisting of either 0.25 M or 0.5 M phosphate buffer. As such, the final
phosphate concentrations used in these experiments were 200 mM and 400 mM
respectively. In some experiments, the effects of modulating either the phosphate buffer
concentration, or the ratio of protein to heparin was assessed. After periodical shaking
over a 2.5 h period, the samples were subsequently centrifuged to obtain

an HA pellet. The supernatant was collected and the pellet, consisting of HA, was washed
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with the binding buffer and re-centrifuged. This washing procedure was then repeated
twice more and the collected supernatant from each of these steps was subsequently
measured separately. Quantification of the radioactivity was determined using a y-counter
(Wallac Wizard 1470, Turku, Finland). HA affinity, expressed as %HA binding, was
calculated as follows: 100% x (counts in HA) + {(counts in HA) + (counts in
supernatants)}. As all binding was assessed in duplicate, the average values were

reported. Each experiment presented was repeated twice (n=2).

Statistical Analysis:
bFGF and BMP-2 binding to HA was compared in the presence as well as the

absence of unmodified heparin using a student’s ¢-test. The reported p-value from this
method of analysis is two-sided; p < 0.05). Analysis of growth factor binding to HA
alone or in the presence of unmodified heparin, oxidized heparin, or aminoBP-heparin
conjugates was assessed using Tukey post-hoc comparison (p < 0.05). Statistical analysis

was performed by S-PLUS Student Ed. 6.0 (Insightful Corp, Seattle, WA).

- RESULTS
AminoBP-Conjugation onto Heparin:

Due to the inherent paucity in the number of aldehyde groups found in heparin,
the glycosaminoglycan was initially oxidized using NaIO4 prior to conjugating aminoBP
onto the heparin. As a means of validating this procedure, the effect of modulating the
concentration of NalO, on the subsequent number of aldehyde moieties introduced onto
heparin was determined. As the concentration of NalO, used to oxidize heparin increased,

a corresponding concentration-dependent increase in the number of aldehyde groups
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introduced onto the heparin was observed (f‘igure 5-2A). It was found that the product
from this process of oxidation was stable at 4°C for at least a month (data not shown). In
proportion to the degree of oxidation, an increase in the number of aminoBPs
subsequently conjugated onto heparin was observed when the concentration of MMCCH
and thiolated aminoBP (30 mM and 40 mM, respectively) were kept constant (Figure 5-
2B). Under the experimental conditions, not all aldehyde groups introduced onto heparin
were used for conjugation; however, the number of aldehyde groups per molecule of
heparin correlated strongly to the number of aminoBP conjugated onto heparin (+° =
0.9726; p < 0.001; Figure 5-2C).

The effect of modulating MMCCH and thiolated aminoBP concentrations on the
conjugation efficiency was subsequently assessed. Similar to the concentration-dependent
trends observed with the NalO4 experiments, the number of aminoBPs conjugated onto
heparin increased in a manner proportional to the concentration of thiolated aminoBP and
crosslinker used (data not shown). The maximal number of aminoBPs conjugated onto
heparin in these studies was 7.2 aminoBPs/heparin. On average, the control samples (i.e.
non-oxidized heparin that had either been reacted with thiolated aminoBP or MMCCH
alone or oxidized heparin that had either been reacted with thiolated aminoBP or
MMCCH alone) had < 1.8 aminoBPs/heparin suggesting some degree of aminoBP
retention after dialysis. Cumulatively, these data suggest that the MMCCH chemistry

applied is appropriate for the conjugation of aminoBP onto heparin.
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HA Affinity of the Amino—BP;Heparin Conjugates:

Using the same samples that had been synthesized in the previous experiments, an
HA binding assay was used to assess whether the process of conjugation enhanced the
bone mineral affinity of heparin. As can be seen in Figure 5-3, the conjugates’ capacity
to bind to HA increased as the number of aminoBPs conjugated onto heparin also
increased. While an average HA binding of 26% was observed for the control samples, a
maximum binding of 62% (under the experimental conditions) was achieved when ~ 7
aminoBPs were conjugated per heparin. It should also be noted that neither the extent of
heparin oxidation nor the extent of maleimide groups conjugated per heparin affected its
innate ability to bind to HA under the experimental conditions used. All together, these
results coﬁﬁrmed that the covalently attached aminoBPs were indeed responsible for the

heparin conjugates’ affinity for HA.

HA Affinity of bFGF and BMP-2 with the Amino-BP-Heparin Conjugates:

Given the in vitro mineral affinity of the aminoBP-heparin conjugates, the
propensity of these conjugates to enhance the affinity of bFGF and BMP-2 to HA was
subsequently determined. Prior to doing so, however, the mineral affinities of '*’I-labeled
bFGF and BMP-2 were assessed as a baseline. In comparison to an inherent bFGF
binding of 17.5 + 0.3% and 16.2 + 2.4% in 200mM and 400mM phosphate buffers,
respectively, the addition of unmodified stock heparin decreased bFGF’s inherent affinity
for HA; albeit non-significantly (Figure 5-4). Relative to an inherent BMP-2 binding of
61.4 £ 2.1% and 40.6 £+ 0.8% in 200mM and 400mM phosphate buffer, respectively,

addition of heparin decreased BMP-2’s affinity for HA by ~18% and ~4% in 200 mM
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(Figure 5-4A) and.400 mM phosphate buffers (Figure 5-4B), respectively. When bFGF
and BMP-2 binding to HA was assessed in the presence of aminoBP-heparin conjugates
(with varying numbers of conjugated aminoBPs per heparin), the binding of both bFGF
and BMP-2 increased in a manner proportional to the number of aminoBPs conjugated
onto heparin. In 200 mM phosphate buffer (Figure 5-5A), the addition of heparin
containing 2.6 aminoBPs/heparin increased the affinity of both bFGF and BMP-2 for HA
by ~52% and ~9%, respectively; while an increase of ~38% and ~25% was observed in
400 mM phosphate buffer (Figure 5-5B), respectively. These differences were relative to
growth factor binding to HA in the absence of heparin at 200 mM and 400 mM phosphate
buffer (as observed in Figure 5-4). The ability of both BMP-2 andA bFGF to bind to HA
correlated linearly to the heparin-conjugates’ ability to bind to HA, but the extent to
which the heparin-conjugates enhanced the growth factors’ affinity was protein-specific
(** =0.8244, p < 0.01 for bFGF; ¥ = 0.9393, p < 0.0025 for BMP-2; Figure 5-6).

To further elucidate the capacity of the heparin conjugates to enhance the affinity
of bFGF and BMP-2 to bone mineral, HA binding was assessed over a wider range of
phosphate concentrations. The extent of both bFGF and BMP-2 binding to HA was
inversely proportional to the concentration of phosphate used in the binding medium
(Figures 5-7A and 5-7B, respectively). Irrespective of the presence of either heparin,
oxidized heparin, or conjugated heparin, maximum HA binding of ~90% for bFGF was
observed at 0 mM phosphate buffer. The presence of heparin did not significantly
influence bFGF’s capacity to bind to HA at any of the phosphate buffer concentrations
assessed (i.e. 0 mM, 200 mM, 300 mM and 400 mM phosphate) except at 100 mM

phosphate (Tukey post-hoc). Oxidized heparin increased bFGF binding to HA also at 100
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mM phoéphate buffer. bFGF binding to HA, however, was distinctly higher in the
presence of the aminoBP-heparin conjugate over the other groups in all cases where
phosphate buffer concentrations increased the binding medium’s stringency. A similar
trend was observed with respect to the influence of the aminoBP-heparin conjugate on
BMP-2’s affinity to HA; as binding to HA was increased in aminoBP-conjugate presence
at all phosphate buffer concentrations. As observed in previous experiments (Figure 5-4),
the addition of stock heparin significantly diminished BMP-2’s affinity for HA between
200 mM and 400 mM phosphate concentrations.

Using conjugates consisting of 2 aminoBPs/heparin, the effect of modulating the
heparin:protein ratio was also assessed in 400 mM phospfxate buffer. Increasing the ratio
of unmodified heparin:protein did not affect either bFGF’s or BMP-2’s affinity for HA
(Figure 5-8A and 5-8B, respectively). Increasing the amount of aminoBP-heparin
conjugate:protein, however, resulted in an increase in both of the proteins’ affinity for

HA in a concentration-dependent manner.

DISCUSSION
In this study, a novel means of enhancing the bone mineral affinity of two
osteogenic growth factors, namely bFGF and BMP-2, through the use of an aminoBP-
heparin conjugate has been described. Although the conjugation of aminoBP directly
onto various proteins has previously been shown to enhance their affinity for bone in vivo
(6-8, 9), the described aminoBP-heparin conjugates are intended to serve as a drug
delivery vehicle to enhance an osteogenic protein’s bone affinity while circumventing

any potential loss in the protein’s bioactivity as a result of chemically modifying it
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directly through BP conjugation. The foundation for this particular approach is based on
heparin’s inherent capacity to bind to various growth factors via electrostatic interactions
between its negatively-charged sulfate groups and the proteins’ positively-amino acid
residues (typically arranged as one of a number of specific consensus sequences that
orient themselves as defined structural elements) (28). An additional benefit to the use of
heparin in this drug delivery system is its ability to increase growth factor stability (i.e.
-biological half-life). This was evidenced by the combination of heparin with: (i) TGF-§
for the enhancement of extracellular matrix synthesi_s both in vitro and in vivo (29); (ii)
aFGF for the potentiation of neurite outgrowth in vitro (30); and (iit) bFGF for the
prevention of undesirable non-enzymatic glycosylation (31), and for increased cell
proliferation in vitro (32).

In the results presented, the use of the MMCCH-based chemistry facilitated the
conjugation of up to 7 aminoBPs per molecule of heparin. This enhanced heparin’s
affinity for HA by over two-fold (from an average baseline of 26% binding to a
maximum of 62% binding in the experimental condition used). Given that the extent of
heparin binding to HA was proportional the number of aminoBPs conjugated onto it
(Figure 5-3), these results indicated that the conjugated aminoBPs were indeed
responsible for imparting the bone mineral affinity onto the glycosaminoglycan.
Similarly, the results also indicated that the propensity of the aminoBP-heparin
conjugates to enhance the affinity of either bFGF or BMP-2 was dependent on the
number of aminoBPs conjugated onto heparin (Figure 5-5). These particular
observations are noteworthy as they suggest that: (i) the aminoBP-heparin conjugates

formed a complex with the growth factors (illustrating that the process of conjugation did
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not compromise heparin’s property); and (ii) the conjugates’ high bone mineral affinity
was imparted onto the proteins. The former finding was similar to the results reported by
Ishihara et al., where it was shown that the process of oxidizing heparin with 100 mM
sodium periodate did not adversely affect the glycosaminoglycan’s ability to interact with
bFGF, vascular endothelial growth factor, and hepatocyte growth factor (33). Although a
relatively conservative concentration of 25 mM sodium periodate was used to yield
aldehyde groups at the C2 and C3 positions of heparin’s unsulfated glucuronic and
iduronic acid residues (25), potential products of degradation from this process of
oxidation were not assessed in these studies due to the fact that: (i) basic conditions were
not used after the process of oxidétion to lead to the fragmentation of heparin (24, 34);
and (ii) any low-molecular-weight fractions of heparin that may have been generated
were removed during dialysis (as the MW cut-off of the dialysis tubing used was 12-14
kDa). The propensity of both BMP-2 and bFGF to bind to HA correlated linearly to the
ability of the heparin-conjugates to bind to HA; however, the extent to which the heparin-
conjugates enhanced the growth factors’ affinity was protein-specific (Figure 5-6). This
suggests that either the protein’s inherent physicochemical properties (such as its size,
number of charged amino acid residues, etc.) affected the manner in which the aminoBP-
heparin conjugates enhanced the protein’s mineral affinity.

By emulating nature’s approach to sequestering heparin-binding proteins in the
extracellular matrix, heparin has been used by others as an integral component in
numerous drug delivery systems (35). The majority of these systems are only appropriate
for the local delivery of growth factors. A novel approach, termed by Park et al.

“antibody-targeted, triggered, electrically modified prodrug-type strategy”, however, may

149

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



potentially be used for systemic targeting (36). Here, heparin is conjugated onto an
antibody and allowed to interact electrostatically with an enzyme that has been modified
through the conjugation of a cationic poly(Arg); peptide (36). Once targeted to a desired
site by the antibody component, the enzyme is subsequently displaced, and thus
activated, from the heparin moiety by the administration of protamine, a protein which
binds to heparin more tenaciously than most other cationic species (36). Consequently, it
is hypothesized that the administration of a similar trigger mechanism may be used to
modulate an osteogenic protein’s release from the described aminoBP-heparin conjugate
bound to bone mineral. This will be attempted in future studies.

It has recentfy been observed that the tether length between the protein and
aminoBP directly influenced the degree to which aminoBP-glycoprotein conjugates
bound to HA in vitro and to a coralline hydroxyapatite matrix in vivo. Other studies have
shown that the binding of bFGF onto heparin is sensitive to the physicochemical
properties of heparin itself (i.e. its length and sulfation pattern) (37, 38). To optimize the
ability of the aminoBP-heparin conjugates to target bFGF and BMP-2 to bone, the effect
of modulating crosslinker length as well as the use of low-molecular weight heparin will
be determined in the future. As aminoBP conjugation directly onto a model protein (i.e.
albumin) enhanced its retention when administered intra-osseously (6) as well as
increased its localization and subsequent retention to bone (i.e. femora, tibiae, sternum)
when administered intravenously and subcutaneously (7), a similar biodistribution is
expected when bFGF and BMP-2 are administered in combination with the described
aminoBP-heparin delivery system under similar experimental conditions in vivo. Because

increased osteogenic growth factor retention corresponded to increased osteogenic
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bioactivity in vivo (39), it is expected that increased protein retention to mineralized
tissues, irrespective of whether administered locally or systemically, will enhance the
capacity of these osteogenic growth factors to elicit the regeneration of bone.

Consequently, further studies also will be conducted to determine the ability of
the system described to target bFGF and BMP-2 to skeletal tissues upon parenteral,
systemic administration as well as its ability to enhance the affinity of these proteins to
bone when administered locally and to HA-containing biomaterial matrices in vivo. The
latter studies will determine the ability of this drug delivery system to address the goal
within the field of bone tissue engineering, and ultimately orthopaedic surgery, to elicit
both local z;nd systemic bone regeneration for clinical indications ranging from fracture
repair to osteoporosis.

It should be noted that the particular approach used to develop this drug delivery
system should not be limited to heparin. As aforementioned, it was previously shown that
the conjugation of aminoBP onto the carbohydrate moieties of fetuin, enhances the
glycoprotein’s affinity for mineral matrices both in vitro (8) and ir vivo (unpublished
data). As numerous glycoproteins have been shown to bind to various osteogenic
proteins, they can theoretically be used to target these proteins to bone upon BP
conjugation onto their carbohydrate groups. Examples of glycoproteins that can be used
for this application include: fetuin, which binds to members of the transforming growth
factor-f (TGF-B) family, including TGF-f,, TGF-B,, BMP-2, BMP-4 and BMP-6 (40);
gremlin, which binds to BMP-2 (41); noggin (42), cerberus (43) and chordin (44), which
have each been shown to bind to BMP-4; and insulin-like growth factor binding proteins,

which bind to insulin-like growth factor (45).
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CONCLUSIONS

This study has demonstrated the feasibility of conjugation aminoBP onto heparin.
This was shown to increase the affinity of the glycosaminoglycan for the primary mineral
component of bone, HA, in vitro. The number of aminoBPs conjugated onto heparin can
be modulated to yield the desired conjugation efficiency by modulating the concentration
of the reacting reagents. Further analysis revealed that this process of conjugation did not
compromise heparin’s innate affinity for either bFGF or BMP-2 as the aminoBP-heparin
conjugates enhanced the propensity of these growth factors to bind to HA in vitro in an
aminoBP/heparin-dependent manner. All together, these results describe a novel drug

delivery system that enhances the affinity of bFGF and BMP-2 to bone mineral.
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Figure 5-1: A schematic representation of the chemistry used to conjugate aminoBP onto
heparin through the use of MMCCH.
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Figure 5-2: The effects of modulating the concentration of NalO4 on the number of
aldehydes (A) and aminoBPs (B) introduced onto heparin. Although both MMCCH and
thiolated aminoBP were used in excess, not all aldehydes were utilized during the process
of conjugation. However, there was a linear correlation between the number of aldehydes
per heparin and aminoBPs conjugated per heparin (+ = 0.9726, C)
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Figure 5-3: The correlation between the number of aminoBPs conjugated per heparin
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Figure 5-4: The capacity of bFGF and BMP-2 to bind to HA in the absence (solid bars)
and presence of unmodified heparin (hashed bars) in either 200 mM (A) or 400 mM (B)
phosphate buffer binding medium. Note that bFGF binding to HA was not significantly
influenced by the presence of heparin, whereas BMP-2 binding was reduced by the
presence of heparin in 200 mM phosphate buffer in a statistically significant manner (*,
p <0.05 vs. BMP-2 alone).
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Figure 5-5: The effect of increasing the number of aminoBPs/heparin on the conjugates’
capacity to enhance the affinity of bFGF (O0) and BMP-2 (m) in either 200 mM (A) or 400
mM (B) phosphate buffer binding medium. A clear increase in bFGF and BMP-2 binding
to HA was evident as the number of aminoBPs/heparin increased; albeit the increase seen
in the latter protein was considerably less in magnitude.
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Figure 5-7: The effect of modulating phosphate buffer concentrations on bFGF’s (A) and
BMP-2’s (B) ability to bind to HA. Protein binding was assessed without any heparin
(X), with unmodified heparin (¢), oxidized heparin (O), and aminoBP-heparin conjugate
(A). As was evident in the case of both proteins, only the aminoBP-heparin conjugate
significantly increased in HA binding at higher phosphate buffer concentrations. The
conjugate was different from all other groups. * aminoBP-heparin conjugate significantly
different from remaining groups. ® unmodified heparin significantly different from
remaining groups. © unmodified heparin significantly different from aminoBP-heparin. ¢
growth factor alone significantly different from oxidized. ® growth factor alone
significantly different from aminoBP-heparin and unmodified heparin. ¥ aminoBP-
heparin significantly different from oxidized heparin.
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Figure 5-8: Modulating the ratio of aminoBP-heparin conjugate (m) and unmodified

heparin (O0) to either bFGF (A) or BMP-2 (B) in 200 mM phosphate buffer. The amount
of protein was kept constant (at 0.1 pg) and the amount of aminoBP-conjugate varied. In
these experimental conditions, the % HA binding of bFGF and BMP-2 alone was ~27%
and ~38%, respectively. With both proteins, HA binding increased as the amount of
aminoBP-heparin present increased.
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CHAPTER VI

SYSTEMIC BONE FORMATION WITH WEEKLY PTH
ADMINISTRATION IN OVARIECTOMIZED RATS".

! The contents of this chapter have been previously published in: Gittens SA, Wohl GR, Zernicke RF,
Matyas JR, Morley P and Uludag H. Systemic Bone Formation with Weekly PTH Administration in
Ovariectomized Rats. Journal of Pharmacy and Pharmaceutical Sciences, (2004) 7(1): 27-37.
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INTRODUCTION

The continuous administration of the amino-terminal fragment (1-34) of
parathyroid hormone (PTH (1-34)) has been shown to elicit a catabolic effect on skeletal
tissue. Intermittent administration of PTH (1-34), however, has been shown to promote
the deposition of new bone (1-3). Although the biochemical pathways responsible for
mediating these divergent responses have yet to be fully elucidated (2), the anabolic
effects of PTH (1-34) has been observed in normal rats (4-7) as well as the rats rendered
osteopenic by neurectomy (8), tail-suspension, (8-10), aging (11-17), streptozotocin-
ipduced diabetes (18), and orchidectomy (19). Since the ovariectomized (OVX) rat is
one of two animal models mandated by the US Food and Drug Administration for the
preclinical assessment of agents designed to treat osteoporosis (20), much of the literature
concerning the effects of PTH (1-34) administration on systemic bone regeneration has
been based on this particular model. As assessed through x-ray absorptiometry,
histomorphometry, micro-computed tomography (nCT), and various other techniques,
the preponderance of the evidence provided by studies using this particular animal model
suggests that the daily, parenteral administration of PTH (1-34) resulted in an anabolic
effect on the surfaces of both trabecular and cortical bone (21-24). The predominant
corollary associated with PTH (1-34) administration is not only the regeneration of
mineralized tissue on the axial and appendicular skeleton, but an improvement in bone
architecture in terms of increased connectivity, trabecular thickness, etc. It has been
shown that the culmination of these effects is an enhancement in bone biomechanical

performance (25, 26).

169

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Despite these encouraging results, recent reports suggest that long-term
administration of the synthetic PTH (1-34) was associated with some detrimental side
effects (27, 28). For example, Sato et al. reported that the daily administration of as little
of 8 pg/kg PTH (1-34) for 1 year in OVX rats led to an 11% increase in brittleness (i.e.
ultimate displacement) of diaphyseal cortical bone and a 48% reduction in diaphyseal
marrow space (27). In addition to these adverse skeletal effects, exogenous PTH therapy
has been associated with hypercalcemia both in animal studies, as well as in clinical
studies (29). Besides the hypercalcemia, transient headaches, nausea and arthralgia were
also reported with clinical PTH (1-34) administration (29).

It was thought, therefore, that a reduction in the dosing frequency could serve as a
means of circumventing some of these adverse effects. Consequently, the aim of this was
to investigate the anabolic response elicited by low dose PTH (1-34) administered
weekly. The doses selected in this study, as well as the administration duration was
considerably lower than the other studies reported in the literature. It was our desire to
determine whether such a restricted dosing regimen would have had any systemic effects

on skeletal tissues.

MATERIALS and METHODS
Animal Care
Twenty seven, 2 month-old, commercially ovariectomized, female Sprague-
Dawley rats were purchased from Charles River Laboratories (Quebec City, PQ). Rats
were acclimated until 9 months of age under standard laboratory conditions (23°C, 12 h

of light/day) prior to the beginning of the study. While maintained in pairs in sterilized
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cages, rats were provided standard commercial rat chow and tap water (ad libitum). All
procedures involving the rats were approved by the Animal Welfare Committee at the

University of Alberta (Edmonton, Alberta).

Experimental Design

Rats were weighed and assigned randomly into 4 groups. Rats in the initial
baseline control group (n = 6) were killed at the beginning of the study just prior to the
onset of the treatment protocols. For 4 weeks, the remaining 3 groups (n = 7 per group)
received subcutaneous injections once per week of either vehicle (acidified saline), a low
PTH (1-34) dose (10 pg/kg per injection), or a high PTH (1-34) dose (80 pgkg per
injection). Eight days after the final injection rats were killed via asphyxiation using a
CO, chamber and weighed. At autopsy, the uterus was excised and weighed to confirm
systemic depletion of estrogen. Bone tissues including both femora, tibiae, and a portion
of the lumbar spine (L1-L4), were harvested at time of euthanasia, fixed immediately in
70% ethanol, and stored at -20°C.

The delivery vehicle used consisted of saline (0.9 % NaCl; Baxter Corporation,
Toronto, ON) acidified to 0.01 mM HCI. The synthetic hPTH (1-34) (lot #: NO5129A1,
American Peptide Company, Sunnyvale, CA) was diluted in the delivery vehicle just

prior to weekly injections.
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Bone Analysis
Femur Length: Using a vernier caliper (reading error = 0.01lmm, Mituyomo,
Japan), femoral bone length was assessed as the distance between the proximal and distal

femoral growth plates - a measure of femoral diaphyseal length.

Mineral Ash Content: Mineral ash content was determined by ashing 1-cm long
segments of tibia from the proximal tibial growth plate to the mid-diaphysis (30).
Samples were defatted in acetone and then dried for 24 hr at 100°C. The dry samples
were weighed in air (dry bone mass), and then rehydrated in distilled water for 24 hr
under vacuum and weighed underwater (wet bone mass). The samples were then ashed
at 800°C for 24 hr and weighed (mineral ash mass). Archimedes’ Principle was used to
determine bone density (p, g/cm®) and volume (cm®). Ash content was calculated as a
measure of mineral ash mass per dry bone mass (ash content, %), and mineral ash mass

per bone volume (ash density, g/cm3).

Femoral Bone Mineral Density (BMD): Femoral BMD (g/cm?) was measured by
dual-energy X-ray absorptiometry (DEXA; Piximus Mouse Densitometer, GE Medical
Systems Canada, Ottawa, ON). BMD, calculated by dividing bone mineral content (g)
by the projected bone area (cm?), was assessed for the total femur as well as for three

equivalent femoral subregions: the proximal third, central third, and distal third of each

femur.,
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Trabecular Bone Architectural Properties: To elucidate the anabolic effects of
weekly PTH (1-34) administration, structural parameters of the trabecular bone within the
femoral neck were evaluated through pCT. Architectural changes in the trabecular bone
of the rat femoral neck and L3 vertebrae were specifically analyzed (Skyscan 1072 X-ray
Microtomograph, Skyscan, Aartselaar, Belgium). All bone samples were scanned at 100
kV/98 pA. The proximal femurs were scanned at an isometric resolution of 11.46
pm/pixel and 11.46pm slice thickness, and the L3 vertebra were scanned at an isometric
resolution of 14.89 pum/pixel with 14.89 slice thickness. Reconstruction of the original
scan data was performed using a cone-beam algorithm (31) into two-dimensional 1024 X
1024, 8-bit, 256 grayscale bitmap image slices. For the femoral neck, identically sized
cylindrical volumes of interest (VOI) were sampled from bitmap images stacks to include
trabecular bone regions and exclude cortical bone within each femoral neck data set.
Each VOI of femoral neck trabecular bone was centered within the femoral neck about
the narrowest region, approximately 2 mm distal to the femoral head growth plate, and
was oriented parallel to the axis of the femoral neck. Likewise, ellipsoid VOI were
sampled from each L3 bitmap data set to include only trabecular bone within the
vertebral centrum. The axis of the L3 cylindrical VOI was aligned along the cranial-
caudal axis of the vertebral centrum. Digital segmentation of the bone from air/marrow
tissues was performed by global thresholding. The global threshold for each sample data
set was determined by selecting a local minimum in the frequency plot of bitmap pixel
greylevels for the sample (32). The VOI were then reconstructed in three dimensions

(ANT, Skyscan, Aartselaar, Belgium), and measures of bone volume fraction (BV/TV),
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bone surface fraction (BS/BV), and trabecular thickness (Tb.Th.). Trabecular number was

calculated separately (3-D Calculator v0.9, Skyscan, Belgium)

Cortical Bone Cross-section (XSA4): Cortical bone cross-sectional areal properties
were measured by analyzing single pCT bitmap cross-sectional image slices of the rat
femoral necks. The BITMAP images were sampled in a plane perpendicular to the
femoral neck axis at the narrowest portion of the femoral neck. Each slice was analyzed
using custom software (MATLAB, ver.6.0.0.88, rel.12, The Mathworks, Inc., Natick,
MA) for measures of femoral neck cross-sectional area (XSA), and moments of area
about the horizontal (Ixx) and vertical axes (Iyy) for the whole bone and separately for
the cortical bone and trabecular bone. XSA measures were also calculated for the area
within the periosteal envelope (i.e., femoral neck XSA enveloped by the periosteal
perimeter including all bone and myeloid spaces), and the endosteal envelope (i.e., the
XSA enveloped by the endosteal perimeter including trabecular bone and marrow

spaces).

Statistical Analysis

Unless otherwise noted, all values are expressed as mean £ standard deviation.
Rat body masses were compared between the onset and end of treatment within each
animal using student’s paired ¢-test (SPSS for Windows 11.0.1, SPSS Inc., Chicago, IL).
For comparisons of all other variables among treatment groups, significant main effects
were tested by multivariate analysis (generalized linear model). Where main effects were

significant (p < 0.05), treatment groups were compared using Tukey post-hoc comparison
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(p <0.05). To test whether or not either rat body mass or uterine mass had a confounding

effect on bone properties, all data were also compared by multivariate analysis with rat

body mass and uterine mass as covariates.

RESULTS
Measures of femoral BMD and tibial ash content were not obtained for the
baseline (pre-treatment) group. All other measures (UCT based bone properties, rat body
mass, and uterine mass) were compared among all treatment groups including the

baseline group.

Body Mass, Uterine Mass, and Femoral Diaphyseal Length

Body mass did not differ among the treatment groups either at the onset of the
treatment protocols (9 months, p = 0.537), or at temination (4 week into treatment, p=
0.193). There was no significant change in body mass over the 4 wk treatment interval.
Ovariectomy was confirmed by reduced uterine masses of the rats at sacrifice (0.15+0.08
g, n = 27; historical data from our lab indicated uterine mass of ~0.9 g for the age-
matched normal rats). There were no differences in uterine mass among the treatment
groups. A comparison of the groups with rat body mass and uterine mass as covariates
found that neither parameter had any significant interaction on ash content, bone mineral
density, or bone architectural properties. The femoral diaphyseal lengths did not differ
significantly (p = 0.185) among the baseline group (34.4 £ 1.0 mm), the vehicle group
(34.5 £ 1.2 mm), the low-dose PTH (1-34) group (35.7 + 0.7 mm), or the high-dose PTH

(1-34) group (34.9 = 1.0 mm).
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Tibial Ash Content

To assess changes elicited by weekly PTH (1-34) administration on the bone
mineral content, segments of the proximal tibia were ashed. Weekly treatment of 10
pg’kg PTH (1-34) resulted in significant increases in both ash content (2.7%) and ash
density (5.8%) compared to the vehicle-treated group (Figure 6-1). In addition, an
increase of 2.9% in tibial bone density was observed in the 10 pg/kg PTH—treated group
compared to the vehicle—treated group. Slight increases in the same parameters were

observed in high-dose PTH group, but these values were not significantly different than

the vehicle-treated controls.

Femoral Bone Mineral Density

Weekly administration of low-dose PTH led to a significant (p<0.0125) increase
of 15.6% in total femoral BMD over the vehicle-treated controls (Figure 6-2). Weekly
low-dose PTH also led to a significant increase of 8.9% in BMD over the high-dose PTH
group. Both the proximal and the mid-diaphyseal regions of the femur exhibited similar,
statistically significant increases in the 10 pg/kg-treated group over the vehicle and high-
dose PTH groups. Although a similar trend was observed in the distal region of the

femur, these differences were not statistically significant (p = 0.222).

Architecture of Trabecular Bone within the Femoral Neck:
As summarized in Figure 6-3, treatment by vehicle alone had no appreciable
effects on femoral neck trabecular bone architectural properties compared to baseline

control. Weekly low-dose PTH (1-34) treatment did result in significant increases in
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BV/TV and Tb.Th (p < 0.0125) in the femoral neck over all other groups including
baseline. BS/BV, on the other hand, was significantly reduced in the femoral necks of 10
pug/kg—treated animals compared to all other groups. Despite a significant reduction in
Tb.N in the 10 pg/kg-treated group over baseline group (p < 0.05), no other statistically
significant differences were found for either Tb.N or Tb.Sp among the 3 study groups.
Altogether, these data suggest that a net anabolic effect had been elicited by the weekly

administration of 10 pg/kg PTH (1-34) on the trabecular bone within the femoral neck.

Femoral Neck Bone Cross Sectional Area (XSA)

Total XSA of the femoral neck was significantly larger in the .10 png/kg—treated
group compared to all other groups (Figure 6-4). When XSA area was evaluated
separately as cortical and trabecular regions, the statistically significant increase was
found for the cortical, but not the trabecular bone. Specifically, the 10 pg/kg cortical
XSA was significantly greater than the cortical XSA in all other test groups (p < 0.0125).
Further analysis revealed that PTH treatment with 10 pg/kg significantly increased the
XSA area within the periosteal envelope compared to treatment by vehicle alone (data
not shown). Though XSA within the endosteal envelope tended to decrease in all treated
groups compared to baseline, there were no significant differences among the groups
(data not shown). A significant increase of 13% (p < 0.05) in the area of the periosteal
envelope was found between the 10 pg/kg PTH (1-34)-treated group over the vehicle—
treated group. Despite a 17% reduction in the 10 pg/kg PTH (1-34)- compared to
vehicle—treated group, changes in the area of the endosteal surfaces were not significant

among any of the groups. The culmination of these data suggested that the weekly
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administration of 10 pg/kg PTH (1-34) influenced the cortical bone within the femoral
neck in an anabolic manner.

The second moments of area, namely the distribution of bone about the horizontal
(anterior—posterior) and vertical (inferior—superior) axes (Ixx and lyy, respectively),
through the femoral neck cross section are illustrated in Figure 6-4. Despite a similar
trend to total XSA for both Ixx and Iyy, only the difference in total Iyy between the 10
pg/kg— and vehicle—treated groups reached significance among all of the second
moments of area values. The ratio of Ixx/Iyy was also compared among the treatment
groups to determine if PTH therapy preferentially influenced bone apposition in one
direction over the other about the femoral neck axes. Changes in Iyy were proportional to
those seen in Ixx, and there were no differences among the groups in the ratio of Ixx/Iyy
(p = 0.22 for total bone cross-section Ixx/lyy). The observed PTH-mediated apposition of
cortical bone mass about the femoral neck was symmetrical about both the anterior—

posterior and inferior—superior axes.

Architecture of Trabecular Bone within the Third Lumbar Vertebra

Analysis of the trabecular bone within the L3 revealed that BV/TV of the
10 pg/kg-treated group was greater than that of both the vehicle— and 80 pg/kg-treated
groups, but not statistically different than the baseline group (Figure 6-5). Tb.Th was
significantly increased while BS/BV was significantly decreased for the 10 pg/kg—treated
group relative to the other groups including the baseline. No statistically significant

differences in Tb.N and Tb.Sp were found among the three study groups. As in the
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femoral neck these data suggested that the weekly administration of 10 pg/kg PTH (1-34)

had a net anabolic effect on the trabecular bone within the L3 region.

DISCUSSION

Given the few studies that have investigated the anabolic response elicited by
PTH administration at a lower dosing frequency than the traditional daily regimen, we
elected to investigate the anabolic response elicited by weekly administration. In the
current study, PTH (1-34) therapy significantly increased cortical bone mass in the
femoral neck, and trabecular bone mass in both the femoral neck and lumbar vertebrae
(L3) in the OVX rat model of osteopenia. The PTH (1-34) therapy did not significantly
influence femoral diaphyseal length, uterus or animal mass. These observations were
consistent with other studies that have reported no difference in these parameters in
response to PTH (1-34)-treatment in OVX rats (26, 33).

Total as well as regional (i.e. proximal and central) increases in femoral BMD
suggested that cortical bone apposition was increased by the weekly administration of 10
pg’kg PTH (1-34). Site-specific analysis revealed that PTH therapy significantly
increased the periosteal envelope in this study. Though some previous studies have
reported that PTH therapy exerts its effects primarily on the endosteal surface (21, 23,
33), others have found significant increases at both the endosteal and periosteal surfaces
(25, 34). Preferential endosteal bone apposition was demonstrated in studies with daily
injection schedules, while periosteal bone apposition were found primarily with weekly
injections (34, current study), with exception of Sato et al. (25) in which 9 month OVX

rats were dosed daily with either 8 pg/kg or 40 pug/kg PTH (1-34). A comparison of
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periosteal and endosteal measures suggested that the discrepancy in the envelope specific
actions of PTH therapy was most likely due to the dose and frequency of PTH (1-34)
administration (34). For example, bone formation rate (BFR) at the endosteal surface of
the rat tibia increased proportionally over OVX by daily PTH (1-34) dose at 8 pug/kg dose
(+32%) and 40 pg/kg dose (+122%) (25). In comparison, periosteal BFR was increased
dramatically by daily 8 pg/kg dose (+193%), but the increase in BFR above this initial
jump was relatively small with the 40 pg/kg dose (+243%) (25). Furthermore, though
osteoclast numbers were not increased by a weekly dose of 10 pg/kg PTH (1-34), a

higher weekly dose (90 pg/kg) caused significant increases in endosteal osteoclast
number and osteoclast surface ratio (34). We speculate that the endosteal cell populations
may have had greater capacity to respond to the higher frequency afld larger doses of
PTH in studies utilizing daily PTH dose regimens.

In the current study, the distribution of cortical bone apposition about the axis of
the femoral neck did not appear to favor any one direction over another (e.g., vertical vs.
horizontal). Preferential bone apposition about the cortex can improve the bone’s
resistance to bending about one axis. For example, though age related human osteopenia
reduces bone mass, continued periosteal apposition (and endosteal absorption) in the ulna
of older women helps to preserve structural bone strength (35). Further, a bone’s
response to alteréd mechanical loading can cause preferential bone apposition about the
bone cortex (36). Though the current study did not address this hypothesis specifically,
bone apposition may similarly be enhanced preferentially in one direction over another
by exogenous therapies that that are amplified by the bone’s inherent mechanical milieu.

Both Ixx and lyy, however, demonstrated similar trends to bone XSA with PTH-
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mediated increases compared to baseline. Thus, over the 4-week treatment duration, the
PTH (1-34) anabolic effects were relatively uniform around the entire OVX rat femoral
neck cross-section, and did not appear to have preferential apposition that might improve
femoral neck structural properties in any particular direction over the vehicle-treated or
baseline animals. Previous work with the combined insult of OVX and hindlimb—
unloading in rats demonstrated that the absence of mechanical loading did not alter PTH
efficacy on osteoblast number or cortical bone formation in the rat tibia (37).

The analysis of the periosteal and endosteal envelopes in mid-femoral neck cross-
sections suggested that increments in bone mass were due primarily to increases in
cortical bone rather than trabecular bone. As observed in the total bone cross-sectional
area, the cortical bone XSA was significantly greater in the 10 pg/kg-treated femoral
neck than all other groups, but there were no significant differences among the groups in
trabecular bone mass within the endosteal envelope. Using this method of analysis,
however, trabecular bone measures were inherently more sensitive than cortical measures
to inter—animal biological variance, perturbations in the location of the analyzed cross-
section, as well as the orientation of the plane of the cross-section. In contrast, structural
analysis of the puCT-generated data identified several indices of trabecular bone
architecture that demonstrated PTH (1-34) anabolic effects on the trabecular bone in both
the femoral neck and the lumbar (L3) vertebra. The three dimensional volumes of
interest within the endosteal surface along the length of the femoral neck were less
sensitive to site—specific variance within individual femurs, and were more
representative. As found in previous studies (21, 22), the increase in trabecular bone

volume fraction with PTH therapy was primarily due to increased trabecular thickness,
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and not an increase in trabecular number. Given that Tb.Th. was inversely proportional
to BS/BV, the significant increases found in Tb.Th. were consequently reflected in a
significant reduction in BS/BV in both the femoral neck and L3 (when comparing
baseline and vehicle-treated to 10 pg/kg PTH (1-34) treated rats). Since the treatment of
the OVX rats by vehicle resulted in no significant changes in the quantified architectural
indices compared to baseline control animals, the significant increases in bone properties
in the 10 pg/kg animals compared to both baseline and vehicle treated animals suggested
that the PTH (1-34) therapy did not simply prevent bone loss, but rather had a net
anabolic effect on the rat bone mass in just four doses over the 4 week treatment protocol.
Consequeﬁtly, these results were strongly indicative of a PTH-mediated appreciation in
the structural integrity of trabecular bone. Such anabolic changes have previously been
shown to correspond to an increase in bone biomechanical performance (34).

Weekly administration of 10 pg/kg of PTH (1-34) has previously been shown by
Okimoto et al. to effectively increase bone accretion after 3 and 6 month therapies (for a
total dose of 120 and 340 pg/kg, respectively) in the OVX Wistar rat model as measured
by bone mineral density, mechanical and histomorphometric parameters (34). These
findings are in agreement with the current study. Okimoto et al. also found that 90 pg/kg
led to a similar anabolic effect. In contrast to the findings by Okimoto et al., however, in
the current study neither cortical nor trabecular bone mass was augmented by the 80
pg/kg/wk dose of PTH (1-34) at the selected anatomical locations-in the OVX rat
skeleton. One or more of the following differences between these two studies may
account for this observation: Firstly, we used Sprague Dawley rats, whereas the Okimoto

et al. utilized Wistar rats. Secondly, the rats in this study were allowed to develop
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osteopenia for 7 months, longer than the 3 months utilized by Okimoto et al. The
severely compromised trabecular bone tissue in the current study would be less
responsive to the PTH (1-34) effects. Finally, the treatment period in our study (4 weeks)
was shorter than the duration (3 months) used by Okimoto et al. and may not have
allowed sufficient time for new bone deposition. Nevertheless, these factors did not
influence the low dose (10 pg/kg) response, so that the anabolic effects of the PTH (1-34)
were observed at distinct anatomical sites.

Another possible explanation for the apparently ineffective 80 ug/kg in the
current study might have been a dose-related effect. As discussed previously, a 90 pg/kg
‘dose caused a significant increase in endosteal osteoclast numbers and osteoclast surface
ratio (Oc.S/BS) (34). In the same study, cessation of the 90 ug/kg dose resulted in a
dramatic bone loss after 3 months with BMD returning to the levels seen in vehicle—
treated animals, while rats treated at 10 pg/kg retained bone mass after the cessation of
PTH (1-34) (34). Another study also demonstrated poor bone retention following the
cessation of daily injections of 80 pg/kg PTH (1-34) in male Sprague Dawley rats (5).
Compared to vehicle-treated animals, 12 daily injections of 80 pg/kg PTH (1-34)
resulted in a significant increase (111%) in osteoblast surface ratio (Ob.S/BS), as well as
Oc.S/BS, and a significant increase in BV/TV (60%). Other treatment groups included
rats treated with PTH for 12 days, followed by vehicle (i.e., withdrawal from PTH
therapy) for either 4 or 12 more days. In the 4-day withdrawal group, the cessation of
PTH treatment resulted in a 73% reduction in Ob.S/BS and a dramatic, 254% increase in
the Oc.S/BS. This rapid effect on the osseous cell populations suggested a shift in bone

remodeling favoring the resorption of bone, which after 12 day of withdrawal resulted in
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a reduction in BV/TV, Tb.Th and Tb.N to levels that. were similar to vehicle-treated
animals (5). Given that 8 days were allowed to pass between the final injections and
study termination in the current study, the histological response associated with the
discontinuation of high doses of PTH (as observed by others) may have been responsible
for the loss of any bone accrued by the administration of the 4 weekly doses of 80 ug/kg
PTH (1-34).

There are no other reports, to our knowledge, that describe the stimulation of
systemic bone growth using a total dose of PTH (1-34) as low as 40 pgkg (10
ng/kg/week x 4 week). When 1, 5, and 25 pg/kg of rat PTH (1-34) were administered for
28 days (for a total of 28, 140 and 700 pg/kg, respectively), several dynamic indices of
bone formation in trabecular bone from the proximal tibial metaphysis were significantly
increased at all doses (38). Despite the increases in histomorphometric bone formation
indices, the daily 1 pg/kg rat PTH (1-34) therapy (28 pg/kg) did not produce significant
improvements in bone mass over daily vehicle—treated animals. The difference between
the two studies may have been a combination of the increased dose (12 pg/kg over the 4
week study duration), and the frequency (daily vs. weekly). At 1 pg/kg/day, the
significant histomorphological indices suggested a slower effect on net bone anabolism
that may have generated increased bone mass over a study duration longer than 4 weeks
(38). The comparison of these data with the current study suggested that these low doses,
28-40 pg/kg over 4 weeks, may be close to the threshold for effective dose for bone mass

accretion in the OVX rat model.
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In conclusion, weekly administration of 10 ug/kg of PTH (1-34) led to a systemic,
anabolic response on both skeletal architecture and mineral content, and thus, our results
suggests that reducing dosing frequency may serve as means of circumventing some of
the aforementioned adverse effects associated with the daily PTH (1-34) administration.
To our knowledge, the total administered dose of 40 pg/kg of PTH (1-34) represents one
of the lowest doses ever to elicit an effective net anabolic response in an OVX rat model.
An additional study is planned to investigate the potential anabolic effects of weekly, low
doses of PTH (1-34) over a longer duration. It will be important to determine whether
such an augmentation of skeletal tissue will be stable following the discontinuation of

therapy.
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Figure 6-1: The effects of weekly PTH (1-34) administration on bone mineral content in the tibia. Tibial ash content is presented as a
function of either dry weight (A), or volume (B). Bone density of the segmented samples was also determined (C). In all cases, the
weekly administration of 10 ug/kg PTH (1-34) led to a statistically significant increase over the vehicle-treated group. * p<0.025 vs.
vehicle-treated group. b p<0.0125 vs. vehicle-treated group.
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Figure 6-2: The effects of weekly PTH (1-34) administration on bone mineral density
within the proximal (A), central (B), and distal (C) regions as well as the total (D) femur.
In all of the selected regions, except distal, a significant increase in the 10 pg/kg—treated
group was observed over that of the vehicle- and 80 pg/kg-treated groups. ¢ p<0.05 vs.
80 pg/kg-treated group. b p<0.025 vs. vehicle—treated group. ° p<0.025 vs. 10 pg/kg —
treated group.
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Figure 6-3: The effect of weekly PTH (1-34) administration on structural parameters BV/TV (A), Tb.Th (B) and BS/TV (C), of the

trabecular bone within the femoral neck. Listed in the table is a summary of all of the architectural parameters generated for this

region. ? p<0.05 vs. 80 pg/kg—treated group. b p<0.0125 vs. vehicle and 80 pg/kg-treated groups and . ¢ p<0.0125 vs. all other

groups.
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Figure 6-4: The effect of weekly PTH (1-34) administration on total (A), trabecular (B) and cortical (C) XSA within the femoral

neck. Summarized in the table are the second moments of area about the horizontal and vertical axes (Iyy and Ixx, respectively) for

total, trabecular (Tb.) and cortical (Ct.) XSA as well as the areas of the periosteal and endosteal envelopes (Endo.Env. and Per.Env.,

respectively). “ p<0.05 vs. vehicle-treated group. b p<0.05 vs. 80 pg/kg-treated group. ¢ p<0.025 vs. vehicle—treated group.

p<0.0125 vs. baseline and vehicle—treated groups. ¢ p<0.0125 vs. all other groups.
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Figure 6-5: The effect of weekly PTH (1-34) administration on the structural parameters BV/TV (A), Tb.Th (B), and BS/TV (C), of

trabecular bone within the third lumbar vertebra. The table summarizes all of the architectural parameters generated of the trabecular

bone from the L3. ¢ p<0.0125 vs. vehicle and 80 pg/kg—treated groups. b p<0.0125 vs. all other groups.
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CHAPTER VII

SYSTEMIC ADMINISTRATION OF VASCULAR
ENDOTHELIAL GROWTH FACTOR AND BASIC
FIBROBLAST GROWTH FACTOR IN
OVARIECTOMIZED RATS.
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INTRODUCTION
The potent anabolic effects of basic fibroblast growth factor (bFGF) on the

skeletal tissue of ovariectomized (OVX) rats have been well-documented (1-11).
Culminating in the stimulation of endocortical and cancellous bone formation in this
animal model, bFGF increases osteoblast number and osteoblast-synthesized osteoid;
while concurrently decreases osteoclast number (6-10). Not only does bFGF exert its
effects on pre-existing bone, its parenteral administration elicits the formation of osteoid
spicules de novo in myeloid cavities (9-11). All together, the effects that bFGF elicit upon
parenteral administration reflect its endogenous role as an anabolic modulator in the
formation and regulation of skeletal tissue (12-14).

Like bFGF, mounting evidence suggests that vascular endothelial growth factor
(VEGF) is integral in the development (15-20), maintenance (21, 22), and repair of bone
(23, 24). Abrogation of VEGF activity through the administration of anti-VEGF
antibodies during skeletogenesis inhibited metaphyseal blood vessel invasion, and led to
the expansion of the hypertrophic chondrocyte zone, and aberrant formation of trabecular
bone (15). Similarly, mice genetically-manipulated to only express the VEGF ;9 isoform
not only exhibited randomly arranged bone vasculature but also a decreased osteoblast
activity and chondrocyte maturation resulting in a reduction in both the mineralization
and size of endochondral and intramembranous bone (16, 17). Not only are VEGF and its
receptors expressed on both osteoblasts and osteoclasts (21, 25), but vertebral VEGF
concentrations correlated to changes bone mineral density in glucocorticoid-induced
osteopenic Gottingen minipigs (21). These results suggested that VEGF is an important
autocrine and/or paracrine factor during the process of bone remodeling; and lend support

to Parfitt’s hypothesis that endothelial cells belonging to basic multicellular units
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involved in bone remodeling are integral in coupling bone resorption with formation (21,
26).

Despite the evidence implicating VEGF in numerous skeletal processes, the
effects of parenteral VEGF administration on skeletal tissue have never been assessed in
an OVX animal model. Thus, the primary purpose of this study was to evaluate any
potential effects that VEGF may elicit on bone upon subcutaneous or intravenous
administration. It was also the goal of this study to determine whether growth factor-
mediated responses were affected by the route in which they were administered. Because
the anabolic effects of bFGF have been well-established in the OVX rat model, VEGF-
mediated changeé to bone were compared to those induced by the administration of

bFGF.

MATERIALS AND METHODS
Animal Care
Forty, 60 day-old, female Sprague-Dawley rats, which had been commercially
ovariectomized, as well as 8 age-matched, sham-operated rats were purchased from
Charles River Laboratories (Quebec City, PQ). Throughout the course of the study, the
rats were maintained in pairs in standard laboratory conditions (23°C, 12 h of light/day).
‘Rats were provided standard commercial rat chow and tap water (ad libitum). All

procedures involving the use of rats were approved by the Animal Welfare Committee at

the University of Alberta (Edmonton, Alberta).
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Experimental Design

All animals used were weighed and ear-tagged five days prior to the beginning of
the experiment when rats were 5 months of age (3 months post-surgery). At this time, a
small aliquot of blood was also collected through the tail vein. While the sham-operated
rats were assigned to group 1, all ovariectomized rats were assigned randomly into 5
groups. For a total of one week, all the rats received daily intravenous (IV) or
subcutaneous (SC) injections of saline, VEGF (80 pg/kg body weight per injection), or

bFGF (80 pg/kg body weight per injection). The groups were as follows:

Group Animal " No. of Treatment Route of
Operation Animals | Administered | Administration
1 Sham 8 Saline v
2 ovX 8 Saline v
3 ovXx 8 bFGF SC
4 OVX 8 bFGF v
5 ovX 8 VEGF SC
6 OovX 8 VEGF v

One week after the final injection, rats were killed via asphyxiation using a CO,
chamber and weighed. At necropsy, the uterus was excised and weighed; and an aliquot
of blood was obtained via cardiac puncture. Bone tissues, including both femora, tibiae,
and a portion of the lumbar spine (L1-L4), were harvested, fixed immediately in 70%
ethanol, and stored at -20°C.

The delivery vehicle used consisted of saline (0.9% NaCl; Baxter Corporation,

Toronto, ON). The rh-bFGF and rh-VEGF (lot numbers: AU470021 and 11120021,
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respectively; National Cancer Institute Biological Resources Branch, Rockville, MD)
were diluted in the 0.9% saline just prior to the beginning of injections. IV injections
were made into the tail vein. All injections were carried out by members of the technical

staff from the Health Sciences Laboratory Animal Services at the University of Alberta.

Serum Biochemical Analysis

Serum phosphorus (mg/dL), calcium (mg/dL), and alkaline phosphatase (ALP,
U/L) concentrations were quantified using the ammonium molybdate, o-cresolphthalein
complexone, and p—nitrophenyl phosphate methods, respectively, as per the

manufacturer’s instructions (Sigma Aldrich, St. Louis, MO).

Bone Analysis

Mineral Ash Content: The mineral ash content was determined by ashing 1-cm long
segments of tibia from the proximal tibial growth plate to the mid-diaphysis (27).
Samples were defatted in acetone and then dried for 24 hr at 100°C. The dry samples
were weighed in air (dry bone mass), rehydrated in distilled water for 24 hr under
vacuum, weighed underwater (wet bone mass), ashed at 800°C for 24 hr and finally
weighed (mineral ash mass). Archimedes principle was used to determine bone density
(p, g/em®) and volume (cm’). Ash content was calculated as a measure of mineral ash

mass per dry bone mass (ash content, %), and mineral ash mass per bone volume (ash

density, g/cm?).
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Femoral and Tibial Bone Mineral Density: The bone mineral density (BMD) of all right-
side tibiae and femora harvested were determined using dual energy x-ray absorptiometry
(DEXA, Enhanced Vision Systems Corp., London, Ontario). BMD (g/cm®) was

calculated by dividing bone mineral content (g) by projected bone area (cm?).

Architecture of Trabecular Bone within the Distal Femoral Metaphysis: Growth factor-
mediated morphological changes in trabecular bone were evaluated using micro-
computed tomography (pCT). Specifically, the distal end of the rat femurs was scanned
at 100 kv/100 pAmp using a Skyscan 1072 X-ray microtomograph (Skyscan, Aartselaar,
Belgium). The acquired tiff images were then reconstructed 2D using the "Volumetric-
Reconstruction for SkyScan Micro-CT Instruments" program (version 2.2, Skyscan,
Aartselaar, Belguim). The number of 2D slices to be analyzed in each sample was
normalized by taking 2.881% of the entire length of the femur as determined using a
Mitutoyo absolute digitamatic caliper (reading error £ 0.01 mm, Mitutoyo Corporation,
Japan). This ensured that approximately 100 slices (or given that each slice = 10 um,
approx. 1.0 mm) of metaphyseal bone was analyzed. The volume of interest used was the
region between the slice where the growth plate was no longer evident in the metaphysis
(identified manually), up to the pre-determined number of proximal slices. Using the
“Analyze” program (version 4.0, Mayo Foundation for Medical Education and Research,
Rochester, Mn), the selected slices were then median filtered. The trabecular core within
the medulla was segmented from the cortical bone by manually outlining the cortical-
trabecular bone interface; and the volume of the segmented tissue (i.e. medullar area

including the trabecular bone, known as the tissue volume, TV; mm®) was subsequently
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determined. The segmented trabecular bone was then reconstructed 3-dimensionally
using a universal threshold (see APPENDIX B) with the "3D-Creator" program (version
2.2d, Skyscan, Aartselaar, Belgium). Bone volume (BV; mm3), bone surface fraction
(BS/BV; mm™), degree of anisotropy (DA), structure model index (SMI), and mean
trabecular thickness (Tb.Th; um) were then determined. The following morphometric
indices were calculated: bone volume fraction (BV/TV; %; [100 x (BV/TV))); trabecular
number (Tb.N; mm™’; ({(BV/TV)/100}/ (Tb.Th x 1000)) and trabecular separation (Tb.Sp;

mm; (1/(Tb.N)- (Tb.Th/1000)) (14).

Statistical Analysis

Unless stated otherwise, all values stated are expressed as the mean + standard
deviation. Rat body masses, serum calcium and phosphorus concentrations were
compared between the onset and end of treatment for each animal using student’s paired
t-test. Differences in uterine weight of the sham-operated versus the ovariectomized rats
were assessed using student’s ¢-test. The p values reported for all ¢-tests are two-sided.
Statistically significant inter-group differences found within the serum biochemical,
mineral ashing, DEXA and pCT data were identified using one-way analysis of variance
(ANOVA) followed by Tukey post-hoc multiple comparison test. All statistical analysis
was performed using S-PLUS student edition 6.0 (Insightful Corp, Seattle, WA). p values

less than 0.05 were considered statistically significant.
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RESULTS
Although the administration of bFGF and VEGF was generally well-tolerated, the
delivery of VEGF through the tail-vein injection led to local vascular congestion at the

site of administration.

Body and Uterine Mass

With the exception of the bFGF-SC-treated group, rat body mass from each of
OVX treatment groups was significantly higher than the sham-operated group at the onset
of the experiment (p < 0.05, Table 7-1). At necropsy, however, no differences in rat body
mass were found between any of the groups. Despite a generalized decrease in individual
body masses over the course of the study, these changes were not statistically significant
(p = 0.117). Relative to the uterine weights of the sham-operated rats (0.900 £ 0.257 g, n
= 8), the estrogen-depleted status of all OVX animals used was confirmed by the

significant reduction in the average uterine mass (0.151 + 0.076 g, n = 40, p < 0.001).

Serum Biochemical Analysis

In comparison to the sham-operated group, serum calcium concentrations from
each of the OVX groups were significantly lower at baseline as well as at necropsy (p <
0.05, Table 7-1). Following treatment, serum calcium was significantly higher in each of
the OVX groups than at the onset of the study. While there were no differences in serum
phosphorus concentrations between any of the groups at the onset of treatment, the
bFGF-IV- and VEGF-SC-treated groups were significantly lower than the OVX control

group. Apart from the bFGF-IV-treated group, serum phosphorus concentrations for all
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groups were significantly higher following therapy than before. Although no inter-group
differences in serum ALP concentrations were evident at either study’s onset or
completion, a significant decrease of 43.5 % (on average) in ALP activity was observed

in all groups between baseline concentrations and those at necropsy.

Mineral Ash Content

To assess changes elicited by daily growth factor administration on bone mineral
content, segments of the proximal tibia were ashed. No statistically significant
differences between treatment groups were observed in bone density (Figure 7-1A).
Similarly, no inter-group differences were found in the ash content as either a function of
dry weight (Figure 7-1B) or volume (Figure 7-1C). In all three of the parameters

assessed, however, the vehicle-treated OVX group was consistently the lowest among the

groups.

Femoral and Tibial Bone Mineral Density

Femoral and tibial BMD of the sham-operated group was 0.233 £ 0.012 g/cmz,
and 0.212 + 0.018 g/cmz, respectively; while that of the vehicle-treated OVX group was
0.200 + 0.008 g/cm?, and 0.182 + 0.009 g/em?, respectively (Figure 7-2). This represents
a statistically significant decrease of 14.3% (p = 6.1x10°) and 14.4% (p = 4.3x10™),
respectively. Irrespective of the route of delivery, neither the administration of bFGF nor
VEGF elicited any changes in the BMD. In comparison to other OVX groups, however,
femoral and tibial BMD for the bFGF-treated groups were slightly higher; while those of

the VEGF-IV treated group were among the lowest.
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Architecture of Trabecular Bone within the Distal Femoral Metaphysis

As summarized in Table 7-2, structural parameters of the trabecular bone in the
distal femur were evaluated using pCT. Among the morphometric parameters assessed,
significant differences were observed in Tb.N, BV/TV, and SMI between the sham and
each of the OVX groups. Tb.Th and BS/BV were significantly lower in the VEGF-treated
groups relative to the sham-operated group. Apart from an increase in DA in the VEGF-
IV-treated group, there were no statistically significant differences in any of the
architectural parameters assessed between the vehicle-treated OVX group and the growth
factor-treated OVX groups. Although not statistically significant, treatment of VEGF
either IV or SC resulted in a decrease in Tb.Th (14.5 %, and 16.8 %, respectively), Tb.N
(34.5 %, and 30.5%, respectively), and BV/TV (44.5 %, and 36.7%, respectively) as well
as an increase of BS/BV (25.0%, and 26.9 %, respectively) relative to vehicle-treated

OVX rats.

DISCUSSION
No studies to date have investigated the response elicited by parenteral
administration of VEGF on bone in an OVX rat model. Consequently, it was the goal of
this study to characterize these effects and to compare them to the effects mediated by the
administration of bFGF. The results presented here suggested that neither the
administration of VEGF nor bFGF elicited a significant effect on the bones assessed from

the appendicular skeleton—irrespective of the route of administration used.
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Consistent with a previous study examining the effects of exogenous bFGF
administration on OVX rats (9), treatment with either bFGF or VEGF did not
significantly affect individual body weight. Additionally, treatment with either growth
factor did not influence uterus weight. Similar to previous observations with bFGF-
treated (100 pg/kg/day for 7 days) OVX rats (9), the administration of either bFGF or
VEGF did not affect serum calcium concentrations. On the other hand, serum phosphorus
concentrations following the administration of bFGF IV, as well as VEGF SC were
significantly decreased. These observations are in line with the hypophosphatemia
elicited by the administration of bFGF IV, albeit at a much higher dose (i.e. 200
pg/kg/day for either 7 or 14 days) (9). It should be noted that baseline phosphorus
concentrations reported in this study (9.28-13.00 mg/dL for sham and OVX rats) were
signiﬁcahtly higher than those reported in other studies (6.2-6.7 mg/dL (6), and 5.8-9.1
mg/dL (9)) using similarly aged, OVX Sprague-Dawley rats. The reasons for this
decrease, as well as that in serum ALP concentrations are not known.

As assessed using DEXA, the ovariectomization of the animals used in this study
led to a significant decrease in BMD as compared to the sham-operated animals. These
observations were corroborated by various bone architectural parameters (i.e. Tb.N,
BV/TV, and SMI) determined using nCT. The changes mediated by the depletion of
systemic estrogens on BMD and morphometric indices confirm that the OVX rats used
were indeed osteopenic and are consistent with other studies that have evaluated the
effects of ovariectomy on rat skeletal tissues using these techniques (28-30).

Irrespective of route of administration, the administration of either 80 pg/kg/day

bFGF or VEGF did not elicit a statistically significant change in any of the bone
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parameters assessed. That the administration of bFGF did not increase any of the
parameters assessed was unexpected as previous studies examining the effects of
exogenous bFGF administration in OVX rats have demonstrated that bFGF elicits an
anabolic response on both cortical as well as trabecular bone in both the appendicular and
axial skeleton. The lowest dose used among these studies (i.e. 100 pg/kg/day for 7 days
administered IV) significantly increased osteoid volume, increased osteoblast surface,
decreased osteoclast surface (9), and increased cortical bone width (11). Although the
frequency and duration of administration were identical, the dose administered in these
studies (i.e. 100 pg/kg/day) was 25% higher than that used in this study (9, 11). Perhaps a
threshold in the local, skeletal concentration of bFGF must be surpassed to successfully
stimulate the formation of bone. No studies to date have characterized a dose-response
relationship for bFGF using an OVX rat model. As reported by Pun et al., bFGF’s ability
to promote the differentiation of bone mesenchymal stem cells into osteoblasts was
significantly attenuated in fatty (yellow) marrow in comparison to hematopoietic (red)
marrow (8). Because the extent of fatty marrow is age-related (31), not only was the age,
but the species, weight and OVX status of the animals used in this study were similar to
those used in the aforementioned studies evaluating the effects of 100 pg/kg/day bFGF
(9, 11). Thus, marrow-mediated mitigation of bFGF’s effects was not likely responsible
for the lack of bFGF-induced bone formation in the present study. Despite having been
acquired from a reputable source, assays to determine the bioactivity of bFGF and VEGF
in vitro were not performed prior to their utilization in vivo. Given the increase in local
vascular congestion at the site of VEGF administration, however, protein bioactivity was

not likely an issue (for VEGF at least). Although Nakamura et al. successfully used
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DEXA to confirm the statistically significant increase in BMD elicited by tile
administration of 100 pg/kg/day bFGF for 7 days on the femur of 6 week-old male rats
(32), while Lane et al. used uCT to evaluate the morphological changes elicited by the
administration of 1000 pg/kg/day bFGF for 7 days, it remains possible that the anabolic
effects administered by bFGF in this study were simply not detectéd by any of the
methods of quantification used (i.e. mineral ashingg, DEXA and pCT).
Histomorphometry, the most prevalent analytical technique used to study the effects of
exogenous bFGF on bone formation in vivo, was not used in this study.

Despite the lack of bFGF-mediated bone formation upon parenteral
administration, treatment of VEGF, however, resulted in a (statistically non-significant)
decrease in Tb.Th, Tb.N, and BV/TV and an increase of BS/BV relative to the vehicle-
treated OVX group. A similar trend was also observed in both the femoral and tibial
BMD of the VEGF-IV-treated group. Together, these data suggest that the administration
of VEGF may have exacerbated the bone loss associated with the development of
osteopenia in the OVX rats. Given VEGF’s ability to serve as a chemoattractant for
osteoclasts (33, 34) as well as enhance osteoclast activity and survival in vitro (35), these
observations support the findings made by Kodama et al., who found that VEGF could
substitute macrophage colony-stimulating factor in enhancing osteoclast differentiation
and activity in osteopetrotic (op/op) mice (36). Relative to sham-operated controls,
ovariectomy of these op/op mice led to the upregulation of VEGF mRNA expression in
bone tissue as well as an increase in serum concentrations of VEGF. This increase in
VEGF corresponded to an increase in osteoclast number and survival which was

abrogated by the administration of 17f-estradiol, VEGF neutralizing antibody or a
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soluble VEGF receptor 1-Fc chimera (37). Further studies should be done to elucidate the
effects of VEGF administration on bone in an OVX animal model. Repeating the present
study using a larger sample size (to improve the statistical strength), as well as higher
doses of both bFGF and VEGF (to accentuate the effects elicited by growth factor
administration) should afford some insight into the relationship between VEGF and the
development of osteopenia. The results generated from such a study would help clarify
VEGEF’s role in the pathogenesis of osteoporosis; and may provide the rationale for
pursuing the development of VEGF-modulating agents that may attenuate the progression

of this disease.

CONCLUSIONS
Administration of either bFGF or VEGF, through either an IV or SC route of
administration, did not elicit a significant response on skeletal architecture or bone
mineral content. This was the first study to attempt to examine the effects of exogenous
VEGF administration in an OVX animal model. Given that the results presented herein
were inconclusive, the study should be repeated to assess the effects of VEGF on bone in

an OVX rat model of osteopenia.
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Table 7—1: Body and Uterus Weight, and Serum Biochemical Analysis of Bone Formation Parameters.

Sham Vehicle IV | OVX VehicleIV | OVX FGF-2SC | OVXFGF-2IV | OVX VEGF SC | OVX VEGF IV

Body Weight before (g) 305+ 18 340 +23° 338 +23 351£19* 342+ 22° 346 £ 25°
Body Weight After (g) 306 £ 19 334+33 33521 33417 337+21 327+26

terus Weight (g) 0.90 = 0.26 0.14 = 0.063* 0.22+0.10° 0.11 £ 0.05" 0.16 £ 0.06* 0.12 +0.06
Serum [Ca] before (mng/dL) 11.43 £0.61 9.02+ 0.40° 9.29 +0.47* 9.34 +0.31° 9.30 + 0.38" 9.10 +0.52"
Serum [Ca] after (mg/dL) 11.80 = 0.66 10.89 + 0.60* 10.55 £ 0.39 10.93 £ 0.64* 10.89 + 0.57* 10.51+0.53%
Serum [P] before (mg/dL) 10.85+ 1.18 10.71+0.49 11.03 + 1.57 11.07 + 1.00 10.48 + 0.84 10.88 £ 0.72
Serum [P] after (mg/dL) 13.08 + 1.07° 14.29 + 0.88° 12.88+ 0.90° 11.48 £ 1.66° 11.69 + 0.80>¢ 13.12 £ 0.94°
Serum [ALP] before (U/L) 2.43 £0.61 2.09+0.61 2.26 £0.67 2.27+0.51 2.50 £0.53 2.10 £0.56
Serum [ALP] after (U/L) 1342015 1.52+037° 1.57 £0.56° 1.18 £0.32° 1.09+ 0.28° 1.00 £0.31°

? = gstatistically significant difference (p < 0.05) as compared to sham vehicle IV group
P = statistically significant difference (p < 0.05) as compared to OVX vehicle IV group

¢ = statistically significant difference (p < 0.05) as compared to before group
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Figure 7-1: Determining the effects of growth factor administration on the density (A),
ash content as a function of the dry weight (B) and ash content as a function of the
volume of the proximal metaphyseal/diaphyseal region of the tibia. No statistically
significant inter-group differences (p > 0.05) are observed.
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Figure 7-2: The effect of daily bFGF or VEGF administration on femoral (A) and tibial
bone mineral density (BMD). Although administration of growth-factor does not elicit
any statistically signifcant differences, the BMD of the sham-operated group was
significantly higher than each of the OVX groups assessed. (* p < 0.05 vs. sham-vehicle
group)
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Table 7-2: 3-dimensional morphometric parameters from pCT of the distal femora of OVX rats administered
vehicle, bFGF, or VEGEF.

Sham Vehicle IV |OVX Vehicle IV|OVX FGF-2 SC| OVX FGF-2 IV | OVX VEGF SC |OVX VEGF 1V

Th.Th 52.51£5.20 46.79 £ 3.79 4571 £7.70 44.24 + 8.67 38.93+£10.23" | 39.97+4.31*
Tb.N 323+ 0.58 0.70 £ 0.35" 0.68 + 0.36" 0.55+0.29* 0.48 +0.35" 0.46 +0.31*
Tb.Sp 0.27+£0.07 209+ 1.76 2.07+1.82 230£1.23 3.18+2.18° 244+ 141

BS/BV 58.18 £7.61 71.26 £ 8.34 73.31+11.29 76.11+19.94 | 90.44+20.24" | 89.01+9.63"
TV 8.51+0.75 8.14+1.53 8.06 = 0.73 7.72+0.84 891+ 1.40 7.78 £ 0.93
BV/TY 17.23 £4.38 3.31+1.76" 3.12+1.90° 2.51+137* 2.10 + 1.69° 1.84+1.37%

DA 0.26 £ 0.02 0.29+0.06 0.31+£0.02 0.33 +0.03" 0.34 +0.03* 0.36 £ 0.05™"
SMI 2.13+0.22 252+0.11° 2.40+0.19* 2.48+0.13* 2.56+0.15" 2.44+0.13%

? = statistically significant difference (p < 0.05) when compared to sham vehicle IV group
P = statistically significant difference (p < 0.05) when compared to OVX vehicle IV group
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GENERAL DISCUSSION & FUTURE STUDIES
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The work presented in this dissertation has contributed to the development of
bisphosphonate (BP)-mediated protein targeting to bone as well improved our
understanding of the effects of parathyroid hormone (1-34) [PTH(1-34)] administration
elicit on the skeletal tissues of ovariectomized rats. Moreover, it also represents the
foundation for numerous additional studies to further expand upon our knowledge in the
fields of drug targeting and bone tissue engineering.

Based on their high affinity for bone mineral, it was initially postulated that BP
conjugation would confer an increase in protein affinity for bone; thus resulting in a
corresponding increase in protein targeting to skeletal tissue, and a corollary decrease in
in extra-skeletal distribution upon systemic administration. Due to the BP-mediated
increase in targeting efficiency, it was also expected that a similar biological effect could
be elicited by using a reduced dose relative to unmodified protein. Ultimately, a reduction
in the side-effects produced upon drug administration is expected due to the decrease in
the dose administered and non-skeletal distribution. In addition to enabling protein
targeting, BP conjugation is also expected to improve protein retention at the site of
localization (i.e. bone mineral). This is thought to improve drug efficacy-- as a correlation
was recently demonstrated between an osteogenic protein’s retention (i.e. mean residence
time) at the site of application and its osteoinductivity in vivo (1). Alll together, the
conjugation of BPs onto proteins is expected to afford spatial (i.e. targeting) and temporal
(i.e. retention) properties, both of which should culminate in increased protein
performance.

Initially, conjugation of 1-amino-1,1-diphosphonate methane (aminoBP) directly

onto a protein’s lysine amino acid residues through the use of an SMCC-based chemistry
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was proposed by Uludag et al. (2). Due to the distinct possibility that this particular
approach may alter the protein’s pharmacophore and thus its inherent bioactivity, a novel
method of conjugating aminoBP onto the carbohydrate moieties of glycoproteins was
described in CHAPTER II. Given the aminoBP-dependent increase in fetuin’s affinity
for hydroxyapatite (HA) in vitro, the capacity of both the SMCC- and MMCCH-based
fetuin conjugates to localize to bone was determined in vivo. While aminoBP conjugation
increased the relative affinity of both lysozyme and bovine serum albumin to bone upon
parenteral administration in previous studies (3), aminoBP conjugation (using either
chemistry) did not do so for bovine fetuin (CHAPTER IV). This lack of aminoBP-
mediated targeting may be due to several reasons including the aminoBP-fetuin
conjugates forming “calciprotein particles” (4) resulting in their increased susceptibity to
the liver and spleen relative to unmodifed fetuin, and/or an increase in susceptibity to
asialoglycoprotein receptor-mediated hepatic uptake of the fetuin conjugate. Regardless,
it is now believed that the success of aminoBP-mediated protein targeting is thought to be
protein-specific. To elucidate this possibility, further characterization of other aminoBP-
proteins will most likely be required in vivo. For this a library of aminoBP-protein
conjugates should be developed based on protein physicochemical properties (e.g. size,
isoelectric point, state of glycosylation and/or lipidation) to assess which of these
properties affect BP-mediated conjugate binding. This may enable the identification of
several parameters that will predict the suitability of BP-conjugation to target a given

protein to bone.
As another means to potentially predict the binding capacity of conjugates,

CHAPTER III introduces the concept of in silico characterization. In this study, only the
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conjugate pendant ligand could be simulated using Molecular Dynamics (MD). Using
this software, a proportional relationship was identified between the capacity of the
conjugates to bind to HA and the maximal probability/radial density of their pendent
ligand. The latter parameter being inversely proportional to tether length. By increasing
the capacity of the existing computational system, MD simulations of an entire BP-
protein conjugate may facilitate the investigation of various issues including: the effects
that charged amino acid moieties adjacent to a linkage site on BP-mediated HA binding;
and the effects of modulating the spatial orientation of conjugated BPs on HA binding,.
Future MD studies should also introduce virtual HA surfaces to further assess conjugate-
HA binding in silico, as well as enable simulations of conjugate binding to HA in the
presence of ions and other proteins that may affect conjugate binding. These studies serve
as the foundation for developing a theoretical approach to predicting the biodistribution
of conjugates in vivo.

To optimize conjugate affinity for bone mineral, other BPs apart from aminoBP
should also be considered. As they contain primary amine groups, alendronate and
pamidronate are suitable candidates to undergo either SMCC- or MMCCH-based BP
conjugation. In addition, novel, multimeric bisphosphonate moieties, such as
di(bisphosphonate), tetra(bisphosphonate), and octa(bisphosphonate), should also be
considered. By virtue of their dense phosphonate densities, conjugation with these BPs
should theoretically improve protein affinity for HA over current aminoBP conjugates.
Ideally, the use of such ligands should reduce the total number of conjugated BPs to
impart sufficient bone mineral affinity onto a protein—resulting in a decrease in the

likelihood of adversely affecting protein bioactivity upon BP conjugation.
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As aminoBPs have only been conjugated onto model proteins (e.g. albumin,
fetuin, lysozyme), BP conjugation onto biologically-active, osteogenic proteins should be
done to determine whether these proteins are suitable for aminoBP conjugation. Suitable
candidates include basic fibroblast growth factor (bFGF) and members of the bone
morphogenetic protein (BMP) family such as BMP-2, BMP-4, and BMP-7.
Pharmacokinetic and subsequent pharmacodynamic studies will determine whether BP
conjugation can improve an osteogenic protein’s therapeutic window by eliciting an
anabolic response in bone without increasing the incidence of side effects associated with
its parenteral administration. Additional studies should also assess the feasibility of using
osteogenic growth factor conjugates in an animal model for fracture repair. This would
help to elucidate whether BP conjugation can mediate an increase in protein retention at
the site of injury; and whether this increase in retention would enable osteogenic protein
conjugates to enhance the endogenous process of fracture repair.

The study described in CHAPTER YV introduces the concept of conjugating BPs
onto a drug carrier, such as heparin, to develop a drug delivery system that can enhance
the bone mineral affinity of osteogenic growth factors without modifying the growth
factor directly. A potential concerns associated with the use of this heparin-based drug
delivery system is the anti-coagulating effects that the modified heparin may elicit upon
parenteral administration. Before assessing this possibility, however, it is imperative to
establish: (1) whether aminoBP modification affects heparin’s inherent ability to bind to
anti-thrombin III; (ii) the optimal ratio of aminoBP-heparin-conjugate:bFGF for efficient
protein targeting/retention in vivo; and (iii) the dose of bFGF (once co-administered with

the aminoBP-heparin conjugate) required for an anabolic response in rats. Prior to even
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conducting these particular experiments, further studies need to be conducted to
determine whether this system is capable of increasing the retention of heparin-binding
osteogenic growth factors to HA-based implants both in vitro, as well as in an
implantation animal model (as was used in CHAPTER IV). Based on these findings, the
capacity of this drug delivery system to increase growth factor targeting to bone should
be assessed upon parenteral administration. As above, the effects of modulating tether
length, and the use of other bisphosphonates should also be determined to facilitate
optimization of this system. The development of other potential growth factor delivery
systems (e.g. conjugation of BP onto an antibody for a specific osteogenic protein)
should also be considered.

Despite the numerous benefits that would be afforded by protein targeting via
direct BP conjugation or the heparin-BP drug delivery system, however, several general
considerations must be taken into account (e.g. (i) conjugate immunogenicity; (ii)
conjugate targeting to calcified, non-boney tissues; (iii) effect of disease state on
conjugate targeting). As is true for the administration of most exogenous proteins, a
primary concern associated with the administration of BP-modified proteins is the
immunological response they may elicit in vivo. Although a multitude of factors affect a
protein’s immunogenicity (e.g. route of administration, frequency of administration, an
individual’s genetic background, disease state, etc.), it is generally thought that the more
divergent an exogenous protein is from its endogenous counterpart, the more of an
immunogenic response it will likely mediate (5). Thus, it is expected that the conjugation
“of BPs onto a given protein may subsequently result in an increase in its immunogenicity,

which may not only affect its pharmacokinetics but also its pharmacodynamic properties
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(i.e. osteogenic activity). It is likely, however, that the possible incidence of
allergic/immunological side-effects associated with conjugate administration will have to
be noted not only on a protein-to-protein basis, but also on a subject-to-subject basis.

For indications requiring the systemic administration of BP-based conjugates (e.g.
osteoporosis), disease state was initially expected to influence both protein targeting and
retention; as the increase in bone remodeling frequency associated in post-menopausal
osteoporosis, for example, provides an increase in the amount of exposed hydroxyapatite
(HA) surface for BP interactions. While this should afford improved protein targeting,
retention may be adversely affected by the increase in remodeling (as release of BPs, and
thus possibly BP-protein conjugates, from the mineralized extracellular matrix of bone is
thought to be dependent on bone turnover (6)). As demonstrated in Uludag et al. (3),
however, no differences were seen between the targeting efficiency of bovine serum
albumin-BP conjugates when administered intravenously in either normal or
ovariectomized rats. Further studies will have to be conducted to determine the effect of
various disease states on conjugate targeting and retention.

The possibility of targeting to calcified, non-boney tissues, such as calcified
collagenous tissues, as well as calcified tissues associated with the pathogenesis of
atherosclerotic (fibrotic) calcification, medial artery calcification, cardiac valve
calcification, and calciphylaxis (8) is an additional consideration relating to the use of
BP-targeted proteins. As with all of the issues associated with BP targeting, further
studies, which will specifically address these concerns, will be required to elucidate their

significance.
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As described in CHAPTER VI, weekly administration of low dose PTH (1-34)
elicited an anabolic response in the skeletal tissue of OVX animals. Given the potential
benefit shown with the weekly administration of PTH (1-34), additionally studies should
be conducted to directly compare the effects modulating the dosing schedule (e.g. daily
vs. weekly administration) on the anabolic effects this hormone elicits on bone. Such
studies may have implications on the current dosing regimen of PTH (1-34) to
osteopenic/osteoporotic individuals. Although the administration of PTH (1-34) is well-
tolerated in humans (as side effects include nausea, headache, and transient
hypercalcemia) (9), this peptide could still be a suitable candidate for BP-conjugation. Its
targeting to bone may not only reduce the incidents of the listed side effects, but may also
reduce the dose required to exhibit an anabolic effect. Because of the significant cost of
treatment with PTH (1-34) for post-menopausal osteoporosis (9), a reduction in total drug
administered may also result in a substantial cost savings.

The study presented in CHAPTER VII was the first to examine the effects of
parenteral vascular endothelial growth factor (VEGF) administration on systemic bone
regeneration. As these results were inconclusive, the study should be repeated using
larger sample sizes, as well as higher doses of growth factor. Such a study would help
clarify VEGF’s role in the pathogenesis of osteoporosis; and may provide the rationale
for pursuing the development of VEGF-modulating agents that may attenuate or even
reverse the progression of this disease. Much like PTH (1-34), these proteinacious drugs

may also be suitable candidates for BP-mediated targeting.
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APPENDIX A

Protein-Based Therapeutic Agents that Can Potentially Be Targeted for Diseases
Affecting Bone

In addition to osteoporosis, targeting proteins to bone may be a suitable approach
in the treatment of numerous other skeletal diseases. Despite being characterized by
complex etiologies (1), the underlying basis of most of these disorders can be traced to
aberrant behavior of cellular components residing in the skeletal system. The cells
include the heterogeneous population of multipotent cells in bone marrow, as well as the
specialized bone-forming osteoblast cells and bone-resorbing osteoclast cells. To
normalize aberrant cell activity, potential therapeutic strategies revolve around
modulating the pathogenic activity directly (e.g., inhibiting enzymatic activity directly
responsible for osteolytic activity) or attenuating the pathological stimulus involved in
eliciting the untoward behavior (e.g., regulatory molecules giving rise to osteolytic cells).
Proteins are ideal therapeutic agents for alleviating such cellular behaviour since these
activities are readily modulated by protein-based endogenous signaling mechanisms. The
metabolism and excretion of proteins can also be performed by endogenous pathways
responsible for protein catabolism, unlike synthetic entities whose transformation and
bodily accumulation are not readily predictable. However, a significant drawback of the
utilization of proteins in a therapeutic capacity is that their cellular receptors are typically
found ubiquitously in more than one physiological system. Consequently, administration
of a given protein is likely to act on several tissues at once.

Major diseases that affect bone tissue are osteoporosis, multiple myeloma, bone
metastasis, and rheumatoid arthritis. Summarized in Tables A-1 to A-3 are protein-based

therapeutic options for these diseases. The potential of the proteins listed were identified
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based on data from in vitro cell culture systems, preclinical animal models, and clinical
settings. Despite the inherent complexity associated with the biochemical cascade(s)
responsible for disease pathogenesis, the administration of a single protein resulted in a
significant benefit in the indicated system. The proteins can exert their effects directly,
antagonize the undesired activity of a pathogenic proteinl (and thus the underlying
pathogenic cascade), or elicit a cellular response that counters the effects of the disease.
As it is rationalized that the administration of these proteins will primarily result in the
modulation of cellular activity, it is expected that each of these strategies will culminate
in the normalization of the disease. Therefore, the proteins can be classified as “disease-
modifjing proteinaceous drugs” (DMPDs). In certain instances, DMPD administration
may lead to reversal of disease, while in others, administration will simply attenuate the
progression of disease. As BP-mediated targeting is designed primarily for the
extracellular targeting of proteins to skeletal tissue, intracellular protein targets, although

potentially viable options, have not been considered in this summary.

A. Osteoporosis

To circumvent the imminent dangers associated with the compromized skeletal integrity,
there are two distinct strategies that may be employed to restore the balance between
osteoclast and osteoblast activity: a reduction in osteoclast activity or an elevation of
osteoblast activity. Both strategies have previously been employed to attenuate the

progression of the disease. While osteoprotegerin (8-13) and calcitonin (14-16) and have

' As identified as “Anti-X” in the table, means of attenuating a pathogenic protein’s activity include
administration of: (i) an antibody specific for the protein (i.e. a neutralizing antibody); (ii) an antibody
specific for the protein’s receptor; (iii) a soluble form of the protein’s receptor; (iv) a protein’s endogenous
inhibitor; or (v) a classic antagonist to block its receptor.
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sucessfully been used to inhibit osteoclast activity, several hormones and growth factors
were capable of enhancing bone formation in some capacity by inducing osteoblast
proliferation, differentiation, and/or stimulating osteoblast activity. As indicated in Table
1-1, the anabolic approach is promising in that the DMPDs may offer an avenue to
restore the lost bone, and possibly the “normal” micro-architecture (as in the case of PTH
1-34), to levels equivalent to those seen prior to the onset of osteoporosis. Anti-
resorptive agents will be also beneficial for situations where excessive resorption affects
the bone tissues, such as the glucocorticoid-induced osteoporosis, Paget’s disease and
osteoarthritis. Many of the _osteogenic proteins listed in Table 1-1 would also be
appropriate for enhancing the endogenous process of fracture repair by increasing the
amount of bone deposited, while reducing healing time, as well as the incidence of non-
union. In this case, local administration of BP-conjugates at the site of fracture would
increase the mean residence time of the osteogenic conjugates; which would ulitmately

result in augment their biological effect (2).

B. Multiple Myeloma

Affecting 15,000 new patients a year in the US, multiple myeloma (MM) is an incurable
disease of malignant differentiated B lymphocytes localized exclusively in bone marrow
(3,4). In addition to renal failure and compromised immune system, this neoplasia is
clinically characterized by the presence of osteolytic lesions, and bone fractures due to
excessive osteolytic activity (3). Given that MM cells are responsible for expressing
chemokines believed to induce osteoclast-mediated bony lesions, the majority of the

interventional strategies involved directly inhibiting their activity (Table A-1). The
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anabolic proteins insulin-like growth factor (IGF)-1 and several BMP’s (see Table 1-1)
were shown to mitigate MM cell activity, so that these DMPDs may also serve to

promote the regeneration of bone tissue in addition to directly ameliorating the MM.

C. Bone Metastasis

Depending on the aggressiveness of the primary tumor, advanced cases of breast and
prostate neoplasms almost invariably metastasize to bone (38). Although traditional
dogma suggests that the former neoplasm typically induces formation of osteolytic
lesions while the latter neoplasms typically yield osteosclerotic lesions, recent evidence
suggests that the preponderance of bone metastasis is both osteolytic and osteosclerotic in
nature (38). Preclinical studies investigating the effects of a particular DMPD, however,
have only used animal models of bone metastasis that were exclusively either osteolytic
or osteosclerotic in nature (Table A-2). Nevertheless, the reported therapies were
effective in abrogating the effects of metastasis on the overall integrity of bone. Targeting
anti-neoplastic agents to bone, however, is not expected to treat the underlying cause of
disease. Consequently, efforts to eradicate the primary extra-skeletal tumor need to be

addressed in this strategy.

D. Rheumatoid Arthritis

Being a chronic immuno-inflammatory disease, rheumatoid arthritis (RA) culminates in
destruction of cartilage and subchondral bone, and affects up to 1% of the population in
the industrialized world (55). Given the significant progress made in elucidating the

biochemical cascade involved in mediating the pathogenesis of RA, numerous proteins
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have been potential targets against the progression of disease (Table A-3). The majority
of the DMPDs target cytokines that mediate the aberrant inflammation process. Several
of these DMPD have been approved by regulatory bodies for RA treatment and these
include infliximab and adalimumab, anti-TNF-o. monoclonal antibodies, as well as
etanercept, a fusion protein containing the ligand-binding portion of the TNF-a receptor
(107). Because the inflammation process is significantly elevated at disease sites, as
compared to the rest of the body, these agents readily exhibit a beneficial effect without
targeting the DMPD to bone sites. Bone targeting is expected to further improve the
efﬁ_cacious dose for the clinically available agents by elevating the local joint
concentration of the drug at a given administration dose. If the effects of a protein at non-
diseased sites are not acceptable for clinical application, bone targeting will enable
clinical entry by eliminating these unacceptable side effects due to reduced distribution to

extra-skeletal sites.
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Table A-1. Protein-Based Therapentic Agents for Treatment of Multiple Myeloma

Protein Rationale Reference

Anti-IGF-1 Ab IGF-1 is involved in the growth, trafficking, and survival of MM cells in vitro. This activity was completely inhibited 5
by an anti-IGF-1 receptor antibody.

TRAIL/Apo2L While sparing normal cells, TRAIL/Apo2L induces caspase-mediated myeloma cell apoptosis in vitro and in vivo. 6-8

Anti-VEGF Ab VEGF induced proliferation and migration of MM cells in vitro. This activity was diminished with an anti-VEGF 9-13
antibody.

Anti-TNF-a Ab TNF-a, an osteoclastic cytokine, was shown to promote the growth and survival of MM cells through the up-regulation 14,15
of IL-6 synthesis. Administration of TNF-a neutralizing antibodies decreased the survival of human myeloma cell lines
in vitro.

OPG OPG administration clinically to patients with myeloma bone disease resulted in a dramatic decrease in biochemical 16-24
markers of bone turnover due to a reduction in the formation of osteoclasts.

Anti-MIP-1a Ab The expression of MIP-1q, an osteoclastogenic chemokine, was upregulated in MM cells. Administration of anti-MIP- 25-31
1a antibodies reduced the number of osteolytic lesions in an in vivo murine model of MM.

Anti-g,p, integrin o4P; integrins expressed on MM cells interacts with and promotes development of osteoclasts. Administration of anti- 32,33

Ab a4B; antibodies suppressed myeloma cell-mediated formation and activity of osteoclasts generated in co-cultures of
myeloma and bone marrow cells in vitro.

BMP-2 BMP-2 induced apoptosis in both primary human MM cells and numerous MM cell lines in vitro. 34,35

BMP-4 BMP-4 inhibited cell proliferation and survival in several MM cell lines in vitro. 36,37

BMP-5-BMP-7 BMPs decreased cell proliferation and induced apoptosis in primary human myeloma cell in vitro. 37

Abbreviations: Antibody (Ab); Apo2 Ligand (Apo2L); Bone Morphogenetic Protein (BMP); Insulin-like Growth Factor (IGF) —1; Interleukin (IL); Macrophage
Inflammatory Protein (MIP); Osteoprotegerin (OPG); Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand (TRAIL); Tumor Necrosis Factor (TNF);
Vascular Cell Adhesion Molecule (VCAM); Vascular Endothelial Growth Factor (VEGF).
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Table A-2. Protein-Based Therapeutic Agents for Treatment of Bone Metastasis

Protein Rationale Reference
Angiostatin Angiostatin inhibited breast cancer-induced osteolysis by hindering osteoclast activity in vitro and in vivo. 39
Anti-PTHrP Ab PTH:P produced from breast cancer metastasis promoted osteoclastic bone resorption. Antibodies to PTHrP 40-42

lowered the number of metastastic tumor area, as well as the size/number of osteolytic lesions in animal models of
breast and lung metastasis.

Anti-TGF-p In a vicious cycle, osteoclast-derived TGF-B perpetuates the expression of tumor-derived PTHrP. In a murine 43-45
Receptor model of breast cancer metastasis, administration of breast cancer cells, in which TGF-B type II receptor had been
knocked out, resulted in smaller tumor foci and less cortical and trabecular bone destruction than constitutively-
expressing TGF-f type II receptor.

OPG Osteoblast RANKL expression is required for osteoclast-mediated bone resorption. By eradicating tumor- 34, 46-49
associated osteoclasts, OPG administration the decreased size and number of osteolytic lesions in a murine model
of breast cancer metastasis.

Anti-PDGF Ab Increased tumor-expression of PDGF in breast cancer patients was associated with metastasis and poor prognosis 50
clinically. Neutralization of its activity by an antibody decreased new bone formation in vitro and osteosclerotic
lesions an animal model of breast cancer metastasis.

Anti-Endothelin-1' Endothelin-1, an osteoblastic mitogen, was implicated in osteosclerotic lesions associated with prostate cancer. 51-53
Antagonism of its receptor (ET,) by BQ-123, a cyclic peptide, inhibited osteoblast proliferation and new bone
formation induced by breast cancer cells in a murine calvaria in vitro assay.

Anti-VEGFR Ab Promoting angiogenesis and vessel permeability, VEGF was associated with tumor survival and metastasis. 54
Administration of anti-VEGFR-2 antibody in a2 murine model of prostate cancer metastasis inhibited the growth of
osteosclerotic lesions.

Abbreviations: Antibody (Ab); Endothelin A Receptor (ET,); Osteoprotegerin (OPG); Parathyroid Hormone-Related Protein (PTHrP); Platelet Derived Growth
Factor (PDGF); Receptor Activator of Nuclear Factor KappaB (RANK); Receptor Activator of Nuclear Factor KappaB Ligand (RANKL); Transforming Growth
Factor (TGF) —B; Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand (TRAIL); Vascular Endothelial Growth Factor (VEGF); VEGF Receptor (VEGFR).
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Table A-3. Protein-Based Therapeutic Agents for Treatment of Rheumatoid Arthritis

Protein Rationale Reference
OPG Imbalance in the RANK/RANKL/OPG signaling pathway leads to characteristic peri-articular skeletal erosions 56-60
associated with RA. Administration of OPG led to the preservation of bone and cartilage in several animal models
of RA.
Anti-bFGF Ab bFGF is believed to play a role in the progression of RA since it can stimulate osteoclastogenesis in vitro. Anti- 61, 62
bFGF antibodies inhibited osteoclastogenesis in vitro and lowered bone and joint destruction in an animal model of
RA.
Anti-VEGF Ab or VEGF-induced angiogenesis plays an integral role in the pathogenesis of RA. Parenteral administration of an anti- 63-65
VEGFR VEGF antibody or soluble VEGFR-1 was shown to prevent the erosion bone and cartilage in murine animal
models of RA.
Anti-TNF-a Ab or TNF-0. plays an integral in regulation of inflammatory cytokines involved in the pathogenesis of RA. Several anti- 66-72

TNFR

TNF-a antibodies and soluble TNF-a receptors are approved for patient use (e.g. infliximab, etanercept and
adalimumab) or are in various stages of clinical trials for treatment of RA.

IL-1 Receptor

IL-1 is a pro-inflammatory cytokines shown to play a critical role in pathogenesis of arthritis. Bone and cartilage
destruction was attenuated by an anti IL-1 antibody. Anakinra, a recombinant form of an endogenous IL-1 receptor
antagonist, is available for clinical use.

68,69,73-75

IL-4

IL-4 is an anti-inflammatory cytokine that inhibits the synthesis of pro-inflammatory cytokines. Systemic
administration of IL-4 decreased bone and cartilage destruction associated with RA.

76-78

IL-6 Receptor

Although synovial levels of IL-6 correspond directly to disease activity and joint damage, its precise role in the
pathogenesis of RA remains controversial. Several clinical trials have suggested significant improvements of RA
with soluble IL-6R administration.

79-82

Soluble gp130

Recent evidence suggests that IL-6 bound to soluble IL-6R may actually be responsible for eliciting the effects
previously attributed to IL-6. Administration of IL-6R’s natural antagonist, soluble gp130, inhibited the RA
progression in a murine model of arthritis.

82

IL-10

IL-10 is a pleiotropic cytokine that suppresses the expression of pro-inflammatory IL-1 and TNF-a.
Intraperitoneal administration of IL-10 suppressed RA progression in a murine model (especially when
administered in combination with either IL-4 or anti-TNF-o antibodies).

78, 83

IL-11

Although chondrocyte-derived IL-11 stimulates osteoclast activity, it also up-regulates expression TIMPs while
down-regulating production of nitric oxide and expression of MIP-a. Administration of IL-11 reduced extent of
_joint destruction in a murine RA model.

84

Anti-IL-12 Ab

IL-12 promotes Th1 T-cell-mediated immunological responses as well as up-regulates the expression of interferon-
v. Administration of anti-IL-12 antibody decreased paw thickness as well as the clinical score of disease severity
(synergistically with anti-TNF-a antibody administration) in murine models of RA.

71,85

Anti-IL-17 or

Through modulating RANKL expression, IL-17 enhances osteoclastogenesis and bone erosion in vivo.

86,87
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Administration of either soluble IL-17 receptor or anti-IL.-17 antibody to RA bone explants from patients inhibited

IL-17R
the destruction of bone in vitro.

Anti-IL-18 Ab 1L-18 up-regulates production of pro-inflammatory cytokines and cyclooxygenase-2 expression. It’s inhibition via 88-90
the administration of either anti-IL-18 antibody or recombinant human IL-18 binding protein decreased
inflammation and cartilage degradation in vivo.

Anti-PECAM-1 Ab | PECAM-1 plays a role in the migration of leukocytes to inflamed synovium. Administration of anti-PECAM 91
antibodies prevented joint destruction in a murine model of RA.

Anti-ICAM-1 Ab ICAM-1 facilitates leukocyte extravasation into the synovium. Therapy with an anti-ICAM-1 antibody improved 92-94
the clinical outcome of the disease.

Endostatin The inhibition of pannus formation and bone destruction was observed upon the administration of endostatin, an 95,96

anti-angiogenic cytokine, in murine models of RA.

Abbreviations: Antibody (Ab); Basic Fibroblast Growth Factor (bFGF); Glycoprotein 130 (gp130); Intercellular Adhesion Molecule (ICAM); Interleukin (IL);
Osteoprotegerin (OPG); Platelet Endothelial Cell Adhesion Molecule (PECAM); Receptor Activator of Nuclear Factor KappaB (RANK); Receptor Activator of
Nuclear Factor KappaB Ligand (RANKL); Tissue Inhibitors of Metalloproteinases (TIMPs); Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand
(TRAIL); Tumor Necrosis Factor (TNF); TNF Receptor (TNFR); Vascular Cell Adhesion Molecule (VCAM); Vascular Endotbelial Growth Factor (VEGF);

VEGF Receptor (VEGFR).
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APPENDIX B

Modulating Threshold on Architectural Parameter Quantification of Trabecular
Bone.

To assess the effects of modulating threshold on the analysis of the trabecular
bone from distal femoral metaphysis, a sample frdm the sham-operated group as well as
one from the OVX-treated groups were randomly selected. Bone volume (BV; mm’),
bone surface area (BS; mmz), bone surface area / bone volume (BS/BV; mm'l), degree of

anisotropy (DA), structure model index (SMI) were assessed as above.

A. Effect of Threshold on Osteopenic Bone

The osteopenic bone sample was reconstructed using numerous threshold values ranging
from 190, the point were the samples are barely visible, up to 237. Figure B-1 illustrates
the effects of increasing the threshold on various architectural parameters from a sample
of trabecular bone from an ovariectomized rat. The filled data points represent 3D
reconstructions of the osteopenic bone sample that do not include any outlying cortical
bone. The hollow points represent the reconstructions where cortical bone surrounding
the trabcular bone began to manifest itself (at a threshold of 221). This was an artifact
generated from the process of segmenting the cortical bone from the trabecular bone (to

be reconstructed and analyzed).
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Figure B-1: The effects of increasing the threshold on BV (A), BS (B), BS/BV (C), BV/TV (D), DA (E), and SMI (F) on a bone sample

from an ovariectomized rat




Initially, BV, BS, and BV/TV in the osteopenic sample appear to rise in a quasi-
linear fashion whereas BS/BV and DA decrease in a similar fashion. These particular
trends remain valid until the cortical bone surrounding the medullar volume of interest
begins to manifest itself in the 3D-reconstructions generated at higher threshold values.
The anomalous presence of cortical bone was expected to skew the morphometric

analysis of the trabecular bone.

B. Effect of Threshold on Normal Bone

The threshold values used for the analysis of the sham-operated (normal) sample ranged
from 190 to 228. Figure B-2 illustrates the effects of increasing the threshold on various

architectural parameters from a sample of trabecular bone from a sham-operated rat.
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Figure B-2: The effects of increasing the threshold on BV (A), BS (B), BS/BV (C), BV/TV (D), DA (E), and SMI (F) on a bone sample

from a sham-operated rat




With the sole exception of DA, which appeafs to be marginally, yet
unpredictably, influenced by threshold, the observed trends initially seen in the
osteopenic sample extend themselves for the sample from the sham-operated rat. (Unlike
the osteopenic sample, it should be noted that no cortical bone was inadvertently captured

during the segmentation of trabecular bone from this bone sample.)

C. Comparing the Effect of Threshold on Normal and Osteopenic Bone

To compare the effects of modulating threshold on the various morphometric parameters
of the osteopenic and normal bone samples, the threshold values used were limited to
ensure that the relationship was linear. Figure B-3 illustrates these effects on the

osteopenic and sham-operated bone samples.
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Figure B-3: Comparing the effects of modulating threshold on BV (A), BS (B), BS/BV (C), BV/TV (D), DA (E), and SMI (F) on bone

samples from a sham-operated rat (filled points) and an ovariectomized rat (hollow points).




A t-test for parallelism was used as a means to evaluate whether any statistically
significant differences existed in the way in which threshold affected the normal and
osteopenic bone samples. Apart from BS/BV and DA, there appears to be a significant
discrepancy (p < 0.01) between the manner in which threshold affects the 3D parameters
between the normal and osteopenic bone samples. These data suggest that the effects
mediated by increasing threshold are not uniform and that normal (non-osteopenic)

samples are more sensitive to changes in threshold than osteopenic samples.

D. Analysis of the Data Using a Threshold of 214 and Subsequent Comparison to
Results Generated Using a Threshold of 211

To elucidate the effects of modulating threshold on the quantification of
trabecular architectural parameters, the pCT data from the “VEGF vs. bFGF” study was
re-analyzed using a threshold of 214 (instead of 211 that was initially used). The
parameters compared included: Tb.Th; BV; BS; BS/BV; BV/TV; DA; and SMI. All of
the inter-group relationships identified using a threshold of 211 (Table 7-2) were found
using a threshold of 214 (data not shown). The Tb.Th for the sham-operated and the
VEGF-SC group, however, was not significant at a threshold of 214. Based on these
results, it was concluded that choice of threshold to be applied universally when
determining the various pCT architectural parameters had a nominal impact on the
outcome of the data generated (providing that the chosen threshold was relatively

reasonable).

261

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



