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Integrin antagonists as inhibitors of bone resorption: implications for
treatment

Michael A. Horton
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Currently ‘accepted’ treatments for bone disease utilise drugs that inhibit osteoclastic bone
resorption; these lead to a reduction in subsequent bone loss and thence, indirectly, to an increase
in bone mass and fewer fractures. Three classes of compounds currently form the mainstay of
therapy for osteoporosis: oestrogens (hormone-replacement therapy), ‘selective oestrogen
receptor modulators’ and the bisphosphonates. Problems of patient compliance, real or theoretical
long-term toxicological risks and the lack of bone anabolic agents of clinical utility suggest that
there is a need for the development of further novel osteoclast resorption inhibitors. Recent
biological and genetic findings in the area of bone cell function have led to the identification of
new drug targets. These drugs include agents that (directly or indirectly): inhibit osteoclast
adhesion to bone matrix; modify osteoclast differentiation; act on the proton pump and hence
affect extracellullar acidification; antagonise extracellular enzymes that are involved in bone
matrix protein degradation. Particular emphasis is placed in the present review on the evaluation
of antagonists of awvB3 integrin-mediated cell adhesion for use in bone disease. The wealth of new
agents being developed suggests that resorption inhibition will be the best treatment for
osteoporosis in the short to medium term, with the long-term aim still being toward developing
anabolic drugs or cell therapeutics.

Osteoclast: Bone resorption: Osteoporosis: Integrin

Osteoporosis places a large and growing medical and
financial burden on health services in developed countries
(Marcus et al. 1996). However, it remains a clinical area
where, despite recent advances in therapy and diagnosis,
there are still unmet needs (Meunier, 1999). For example,
new and powerful drugs have recently been introduced that
reduce osteoclastic bone resorption (newer generation and
more potent bisphosphonates (Gatti & Adami, 1999) and
modulators of oestrogen receptor function (Dhingra, 1999))
and impact on the incidence of fractures in the elderly.
The ultimate pharmaceutical goal is, however, to develop
drugs that rebuild the bone mass and structure that is lost,
e.g. in response to steroids or post-menopausal oestrogen
deficiency. To date, no bone anabolic drugs have yet passed
into general clinical practice, although derivatives of
parathyroid hormone may well do in the near future
(Rittmaster et al. 2000). It has been argued that if the new
bisphosphonates are effective at reducing hip fracture, the
most clinically debilitating and costly consequence of
osteoporosis, then are new resorption inhibitors needed?

Whilst they are efficacious, most experts consider that
existing drugs are not ideal, as they are not without toxicity
and have poor long-term patient compliance (Meunier,
1999). For these reasons, the pharmaceutical industry is still
developing novel anti-resorptive agents. Moreover, new
indications outside the osteoporosis therapeutic domain
have made the development of some research targets more
attractive, e.g. in rheumatoid arthritis and cancer. In the
present review the range of new osteoclast targets that are
being investigated in industry will be discussed, with
particular emphasis on cell adhesion receptor (integrin)
antagonists.

Routes towards target discovery:
osteoclast inhibitory drugs

The pharmaceutical industry has taken a number of routes
to discover new molecular targets for bone disease
therapeutics. Some routes have been serendipitous, a good
example being the discovery of osteoprotegerin (Simonet
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et al. 1997). Here, researchers at Amgen Inc. (Thousand
Oaks, CA, USA) had a discovery programme identifying
novel tumour necrosis factor receptor orthologues by
genomic approaches and functional screening via the use of
gene overexpression in transgenic mice. Mice transgenic for
the osteoprotegerin gene, a secreted form of the tumour
necrosis factor receptor family, exhibit an osteopetrotic
bone phenotype. Later work showed that osteoprotegerin
acts as a decoy receptor and binds a membrane-associated
tumour necrosis factor-related growth factor for dendritic
cells, RANKL, on osteoblasts and stromal cells, blocking
the interaction of RANKL with its cellular transmembrane
receptor, RANK, on osteoclasts and their haemopoietic
precursors, and hence inhibiting their development and
function. This work had the added importance of solving a
molecular puzzle that had intrigued bone biologists for
many years, the mechanism by which osteoblasts regulate
osteoclast differentiation and functional activation.
Osteoprotegerin, via its osteoclast inhibitory actions, is
being developed for use in clinical disorders of excessive
bone resorption such as osteoporosis, rheumatoid arthritis
and bone metastasis (Simonet et al. 1997; Kong et al. 1999;
Capparelli et al. 2000).

Other examples of drug target identification have
followed a rational analysis of bone cell molecular biology
and the identification of genes involved in genetic disorders
of bone in mice and human subjects. These drugs are diverse
in their targets, and range from influencing osteoclast differ-
entiation through to modification of proteolytic enzymes
involved in bone matrix destruction; some selected
examples are listed in Table 1.

One key step in the process of bone resorption by osteo-
clasts is the recognition of, and binding to, bone matrix.
Much research over the last decade has implicated a member
of the integrin family of cell adhesion receptors (Isacke &
Horton, 2000), avPB3 or the vitronectin receptor, in this
process (Horton, 1997; Helfrich & Horton, 1999). The status
of development of antagonist drugs that interfere with ov33
function in bone, and hence presenting a therapeutic route in
osteoporosis, is reviewed.

Cell-adhesion therapeutics: the rationale

Interactions between cells and their environment (other cells
and the extracellular matrix) are crucial to normal tissue
development and cellular function. Moreover, accumulating
data suggest that cell adhesion receptors (Isacke & Horton,
2000) play an important role in the pathogenesis of a wide
variety of diseases. Understanding the mechanisms by
which the various families of adhesion molecules recognise
their ligands has led to the development of novel approaches
to therapy. Inhibition of normal physiological processes and
reversal of pathologies with drugs targeted to such inter-
actions are beginning to be shown to be of value in clinical
situations as diverse as reversal of thrombosis, transplant
rejection, vascular disease and infection; to this list should
be added effects on the bone loss of osteoporosis. Data has
accrued over the past decade on the distribution of cell
adhesion receptors in bone cells and their function (Helfrich
& Horton, 1999). These studies have particularly focused on
osteoclasts and, of the known types of cell adhesion
receptors, members of the integrin receptor family and their
ligands have received most attention; it is also relevant
that therapeutic antagonists of integrins are the furthest
developed by the pharmaceutical industry. Since the pivotal
demonstration by Pierschbacher & Ruoslahti (1984) that
cell adhesion mediated by fibronectin could be inhibited by
the simple tripeptide, Arg-Gly-Asp (RGD), then a number
of other peptide sequences have been shown to recapitulate
integrin—ligand interactions. The recent development
(Hartman & Duggan, 2000; Miller et al. 2000) of a number
of orally-active non-peptidic integrin  antagonists,
particularly based on modelling of the RGD peptide motif,
suggests that treatment of a range of bone diseases may be
susceptible to strategies that involve the blockade of integrin
function or modulation of their expression. The process of
drug development for osteoporosis has been aided
considerably by an analogous set of drugs that have been
developed for use in thrombosis (Hartman & Duggan, 2000;
Miller et al. 2000). Here the platelet integrin fibrinogen
receptor, gplIbllla/adIbP3, which is structurally related to
the orvB3 integrin on osteoclasts, is targeted. These drugs are

Table 1. Target identification for osteoclast inhibitory drugs

Route for discovery

Example Reference

Genomics
Spontaneous mouse osteopetrosis mutations (e.g. oc/oc)
Deliberate gene overexpression
Murine gene knockout
Human osteopetrosis gene
Human pyknodysostosis

Genome wide screens for genes in single gene and multi-factorial diseases

or traits (mouse, man)
Cell molecular analysis
Adhesion receptors

Matrix degradation

Extracellular acidification

Cytokines or growth factors and receptors

Intracellular signalling molecules, transcription factors etc.

Proton pump Scimeca et al. (2000)

OPG Simonet et al. (1997)

c-src Soriano et al. (1991)

Carbonic anhydrase Il Whyte (1993)

Cathepsin K Gelb et al. (1996)

Osteoporosis, high bone Johnson et al. (1997), Devoto
mass genes et al. (1998)

Bilezikian et al. (1996)
Horton & Rodan (1996),
Horton (1997)

Integrins (e.g. ovf3)

Proteases

Proton pump

IL-6 receptor antagonist
‘Kinases’ (e.g. c-src)

OPG, osteoprotegerin; IL-6, interleukin 6.
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the most advanced in development and the first integrin
antagonist ‘drugs’ have been approved for clinical use
(Tcheng, 1996; Coller, 1997; Phillips & Scarborough, 1997;
Theroux, 1998); they form paradigms for potential
application to bone disease.

Integrin cell adhesion receptors

The term ‘integrin’ was first proposed in 1987 (Hynes,
1992) to describe a family of integral membrane receptors
thought to ‘integrate’ the intracellular cytoskeleton with
extracellular matrix proteins. Integrins are heterodimeric
proteins consisting of non-covalently-linked o and B
polypeptide subunits. 170 Chains and 83 chains have been
described that form over twenty-three distinct heterodimers
(for review, see Isacke & Horton, 2000). Additionally,
subunits have been cloned which are mRNA splice variants
of the ‘original’ family members, and a number of less-well-
defined integrin homologues have been identified as part of
genomic sequencing projects in diverse species.
Biochemical, molecular and physical analyses have revealed
the protein structure of the subunits. The o and 3 subunits
are transmembrane N-glycosylated glycoproteins with large
N-terminal extracellular domains, a single hydrophobic
transmembrane region and generally a short cytoplasmic
domain. Electron microscopy of a number of purified
integrin receptors has revealed that they are extended
structures of approximately 10 X 20 nm, with an N-terminal
globular ‘head’, formed by the association of the two
subunits, linked to the membrane by two extended ‘rod’
structures.

The o subunits (Isacke & Horton, 2000) are 120-180 kDa
and comprise a large N-terminal extracellular domain, a
short twenty to thirty amino acid transmembrane region and
a C-terminus, usually consisting of a short hydrophilic
sequence forming the cytoplasmic tail. All o chains contain
seven homologous tandem repeat sequences, with the
C-proximal three or four sequences containing putative
divalent cation-binding sites. Some integrins, including the
o, subunit partners of the B2 integrins, contain an inserted, or
‘I’, domain of approximately 200 amino acids between the
second and third repeats. This domain has sequence
homology with several molecules, including von Willebrand
factor, which can all interact with collagen. Cytoplasmic tail
sequences of o subunits are poorly conserved, with the
exception of the conserved amino acid motif Gly-Phe-Phe-
Lys-Arg which is involved in the transmission of signals
into the cell.

The B subunits (Isacke & Horton, 2000) are generally
smaller than o subunits and are between 90-110kDa, apart
from the B4 chain. The N-terminal halves of all B subunits
have a high cysteine content, grouped into four forty amino
acid cysteine-rich regions that are internally disulfide
bonded. The cytoplasmic tails are usually short (forty to
fifty amino acids), although the B4 cytoplasmic domain is
substantially larger and uniquely contains four fibronectin
type III repeats. Functional domains are found in the cyto-
plasmic tail involved in ligand binding and interaction with
a-actinin, which mediates linkage between the integrin
receptor and the cytoskeleton.
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Integrin ligand specificity

Physico-chemical analysis of integrins in conjunction with
cross-linking studies with radioactively-labelled RGD
peptide probes has revealed that the ligand binding site for
the integrin (0tv33) heterodimer resides in its globular head,
and includes the cation-binding region of the ¢ subunit and
the N-terminal portion of the B subunit. Thus, ligand binding
by integrins, and hence their specificity, is likely to depend
on the particular o subunit combination.

In the main, integrins act as cell-surface receptors for
matrix proteins. However, they can also serve as cell—cell
adhesion molecules, by recognising counter receptors on
other cells; for example, the 2 integrins interact with inter-
cellular adhesion molecules in lymphocytes. Such
interactions are likely to occur during osteoclast precursor
differentiation in the bone marrow micro-environment
(Horton & Rodan, 1996). There is also extensive literature
demonstrating a role in signal transduction via integrin—
ligand interactions (Clark & Brugge, 1995; Hughes & Pfaff,
1998).

Some integrins, e.g. av3, can bind a number of ligands,
whereas others integrins are more restricted. Conversely,
several matrix proteins are recognised by a number of
different integrin receptors; thus, laminin is recognised by at
least seven integrin dimers. Added complexity is produced
by different integrins recognising different regions of the
same molecule (e.g. avPB3 and gpIIbllla bind distinct sites
on fibrinogen) and splice variants show differing ligand
affinities.

Integrin peptide recognition motifs

The first integrin binding motif defined was the RGD
sequence (Ruoslahti, 1996), identified as the minimal
binding site in fibronectin that is capable of supporting cell
adhesion (Pierschbacher & Ruoslahti, 1984). Several
hundred RGD sequences exist in protein and DNA data-
bases. A majority of matrix proteins isolated to date seem to
contain RGD or homologous sequences, although not all
are biologically active in vivo, and many are so only after
‘denaturation’. Progressive truncation from parent matrix
molecules, and adhesion inhibition and competition studies
with various synthetic peptides and phage display libraries,
have confirmed that many integrins recognise the RGD
motif in their ligands.

av3 vitronectin receptor in bone biology

ovP3 is a member of the integrin superfamily showing the
typical structural features of other integrin off dimers; it
shares its B chain, B3, with its related integrin of platelets,
gplIbllla (odIbB3; Horton, 1997). avP3 protein was first
purified from placenta by Pytela ez al. (1985), and the o and
B chain cDNA cloned by Suzuki et al. (1986) and Fitzgerald
et al. (1987) respectively. The receptor exhibits an affinity
for vitronectin (Pytela et al. 1985), hence its name
‘vitronectin receptor’, but later was found to bind to a large
range of RGD sequence-containing proteins (for review, see
Horton & Rodan, 1996; Horton, 1997). Binding between
ovPB3 and its ligands is primarily sensitive to inhibition by
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RGD peptides, providing a rational basis for the develop-
ment of antagonists based on this tripeptide structure.

In vivo, the highest levels of o3 are found in the osteo-
clast. Lower levels of awvf3 have been found in platelets and
megakaryocytes, kidney, vascular smooth muscle, some
endothelia and placenta (Horton, 1997). In pathology, tissue
levels are increased; for example, tumour microvessels
show increased levels of avB3 as do melanoma cells when
they metastasise (Horton, 1997).

The role of otvP3 in osteoclast biology was first examined
by Horton and colleagues (Chambers et al. 1986; for review,
see Horton & Rodan, 1996; Helfrich & Horton, 1999) over a
decade ago, and shown to be restricted in tissue distribution
in bone to osteoclasts but not osteoblasts, and to mediate
cellular adhesion to a number of proteins that are found in
bone matrix. A further two integrin receptors have been
found in mammalian osteoclasts, 0231 and avp1 (Nesbitt
et al. 1993), although their function is less well understood;
there is evidence for the involvement of 021 in recognition
of native collagen by osteoclasts (Helfrich et al. 1996), and
it is likely that it plays a subsidiary role to owvB3 in the
recognition of bone matrix. The exact ligand(s) that osteo-
clast ovP3 recognises in bone and its role in the
maintenance and function of the so-called osteoclast tight
seal (Vidandanen & Horton, 1995; Stenbeck & Horton, 2000)
remain controversial. Its high levels in osteoclasts, the
sensitivity of bone resorption to receptor blockade using
synthetic RGD peptides, snake venom proteins (e.g.
echistatin, a low-molecular-weight RGD-containing snake
venom protein which is a potent but non-selective inhibitor
of integrin function) and anti-receptor antibodies (Chambers
et al. 1986; Sato et al. 1990; Horton et al. 1991, 1993) made
this receptor a strong candidate for pharmaceutical
manipulation (Horton & Rodan, 1996; Hartman & Duggan,
2000; Miller et al. 2000). Later, a pivotal study
demonstrated that echistatin blocked the calcaemic response
to parathyroid hormone in thyro—parathyroidectomised mice
(Fisher et al. 1993). This finding put ovp3 antagonist
development clearly in the pharmaceutical mainstream for
drug development for osteoporosis and other bone diseases
associated with high levels of bone resorption.

Strategies for therapeutic modification of
integrin function

From basic principles, there are two main strategies for
therapeutically inhibiting cell adhesion molecule function
(Table 2). First, a direct approach; competitive antagonists
of receptor—ligand interaction can be developed, which has
been the usual pharmaceutical approach, with the aim of
producing orally-active, synthetic non-peptide mimetic
agents. They have been identified by a variety of standard
techniques of the industry, as indicated in Table 2 (Gould,
1993; Cox et al. 1994; Gadek & Blackburn, 1996; Samanen,
1996; Ferguson & Zaqqga, 1999; Wang et al. 2000). Other
approaches, such as using receptor-specific antibodies,
peptides, and naturally-occurring protein antagonists,
together with molecular engineering, have generally been
used in ‘proof of principle’ experiments rather than as
clinical drug candidates, although there are some notable
examples of protein therapeutics in the field (for examples,
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see Table 2). Directly-acting antagonists have entered
clinical trial to modify activation-dependent platelet aggre-
gation in thrombotic conditions via the integrin platelet
fibrinogen receptor, gplIbllla/alIbB3. Thus, ground-
breaking clinical trials (EPIC, EPILOG etc.; Tcheng, 1996)
have demonstrated efficacy of the humanised anti-gplIIbllla
monoclonal antibody 7E3 (ReoPro) in various ischaemic
heart conditions (Coller, 1997). Results from trials with
RGD mimetics (e.g. lamifiban, tirofiban; Theroux, 1998;
Ferguson & Zaqqa, 1999; Wang et al. 2000) and the cyclic
Lys-Gly-Asp peptide, integrilin, have been less impressive
(Theroux, 1998; Phillips & Scarborough, 1997). As with
gplIbllla-specific agents, the possibility of developing
osteoclast ovB3 (vitronectin receptor) antagonists as
resorption inhibitors in bone disease was initially
demonstrated in vitro by the use of a variety of techniques to
disrupt receptor function (Horton & Rodan, 1996). Small-
molecule inhibitors of avp3 are now at the late stage of
preclinical development (Hartman & Duggan, 2000; Miller
et al. 2000). Thus, the general principles for the use of
adhesion receptor antagonists in disease have been
established, and useful drugs are thus likely to be available
for a wide variety of indications in the future.

The second approach is indirect, with the aim of
modifying expression or intracellular function (such as
signal transduction) of cell adhesion molecules, especially
of integrins. Some examples of such strategies are given in
Table 2. The furthest advanced of these strategies is the use
of antisense oligonucleotide inhibitors of receptor protein
synthesis; inhibitors of intercellular adhesion molecule 1
expression (Yacyshyn ef al. 1998) are finding promise in the
treatment of various inflammatory diseases such as those of
the bowel or eye. Likewise, a number of agents to block the
function of c-src, a cellular kinase that acts downstream in
the signalling pathway of integrin receptors in bone cells,
are being developed for treatment of osteoporosis, based on
the earlier finding that deletion of c-src¢ in mice led to
osteopetrosis via inhibition of osteoclastic resorption
(Soriano et al. 1991).

Selectivity for ovB3

Early studies concentrated on specificity and potency
comparisons between ovP3 and gpllbllla using linear,
cyclic and modified RGD-containing peptides (Gadek &
Blackburn, 1996; Hartman & Duggan, 2000; Miller et al.
2000). Such studies led to an early understanding of the
spatial requirements for an av33 mimetic, and these features
were ‘grafted’ onto a variety of central constrained chemical
scaffolds; the selection of template is usually dependent on
proprietary considerations (e.g. benzodiazepine scaffolds,
used by SmithKline Beecham (King of Prussia, PA, USA) in
their series of gplIbllla antagonists (Samanen et al. 1996),
have been utilised for the development of avB3 antagonists;
Hartman & Duggan, 2000; Miller et al. 2000).

Early peptide data, showed that echistatin, for example,
although non-selective, was a potent inhibitor of owv[33
and, moreover, blocked osteoclastic bone resorption
in vitro (Sato et al. 1990) and in vivo (Fisher et al.
1993; Yamamoto et al. 1998). Furthermore, cyclic RGD
peptides, based on the work of Kessler and colleagues


https://doi.org/10.1079/PNS200079

Nutritional aspects of bone metabolism 279

Table 2. Strategies for therapeutic modification of adhesion receptor function in vivo

Direct approaches
Naturally-occurring protein inhibitors and their engineered derivatives (e.g. RGD-containing snake venoms and proteins from ticks and
leeches etc.)*
Blocking antibodies, and their engineered derivatives, to adhesion moleculest
RGD peptides and their chemical derivatives (e.g. designed to improve specificity and stability)+
Oligosaccharide analogues (selectin adhesion receptor inhibition)
Receptor-Ig chimeras
Non-peptidic mimetics§, produced via different compound selection strategiesl|
Indirect approaches
Altered receptor synthesis via use of antisense oligonucleotides|
Inhibition of adhesion receptor expression via regulatory cytokines and their receptors (e.g. in endothelium)
Modification of integrin receptor function via adhesion molecule (integrin)-associated proteins
Modulation of receptor affinity for ligands (e.g. via integrin activation), and hence adhesion
Modification of downstream receptor-associated signalling (e.g. c-src and other kinases, adhesion-associated apoptosis genes etc.)

RGD, Arg-Gly-Asp tripeptide; g, immunoglobulin.

* Echistatin has been used as a proof of concept inhibitor of avp3 in bone disease studies (Fisher et al. 1993); Barbourin snake venom protein contains Lys-Gly-Asp
(KGD) instead of RGD and is the basis of selective inhibitory analogues for platelet gpliblila (Phillips & Scarborough, 1997).

1 Antibodies to gplibllla (i.e. 7E3, ReoPro; Centocor Inc., Malvern, PA, USA) formed the first integrin of the cell adhesion receptor inhibitors licensed for clinical use
in the various vascular and thrombotic conditions (Tcheng, 1996; Coller, 1997). A humanised ovp3 antibody (clone LM609) is currently in clinical trial for cancer
acting via induction of apoptosis in tumour vessels.

¥ Integrilin (Cor Therapeutics Inc., South San Francisco, USA), a cyclic KGD-containing peptide gpliblila inhibitor is in clinical trial (Coller, 1997; Phillips &
Scarborough, 1997), as are RGD-derived cyclic peptides with selectivity for avp3 (cyclic RGDfVA; E. Merck, Darmstadt, Germany; Haubner et al. 1996).

§ A number of companies have intravenous and orally-active non-peptidic gpliblila antagonists in clinical trial for platelet-related disorders (Coller, 1997; Phillips &
Scarborough, 1997; Theroux, 1998). Analogous mimetics are in late preclinical development for inhibition of avp3 (Horton & Rodan, 1996; Gadek & Blackburn,
1996; Hartman & Duggan 2000; Miller et al. 2000) in bone disease and cancer etc., and to modify B2 integrin—intracellular adhesion molecule and —0:431
interactions in inflammatory disorders, transplantation etc. (Gadek & Blackburn, 1996; Lin & Castro, 1998).

Il Structure—function, combinatorial chemistry, phage display, compound or natural product library screening etc. (Lazarus & McDowell, 1993; Pasqualini et al. 1995;
Corbett et al. 1997; Kunicki et al. 1997; Hoekstra & Poulter, 1998).

9] Antisense therapeutics directed against intracellular adhesion molecule 1 (Isis Pharmaceuticals Inc., Carlsbad, CA, USA) in inflammatory bowel disease are

showing promise in clinical trials (Yacyshyn et al. 1998).

and developed by E. Merck (Darmstadt, Germany), were
shown to display selectivity and potency for ovp3
(Pfaff et al. 1994; Haubner et al. 1996). Similar results
were found by a number of other groups using cyclic and
modified RGD peptides, and many of these peptides were
shown to block osteoclast function in vitro (Horton et al.
1993). More recent work by the pharmaceutical industry has
concentrated on the development of non-peptide mimetics
of avB3 function (Hartman & Duggan, 2000; Miller et al.
2000).

Current drug development status for use in bone disease

The action in bone models of several early candidate
mimetic owvPB3 antagonists has been reported by a number of
companies, and their evolution has been reviewed recently
(Hartman & Duggan, 2000; Miller et al. 2000); as yet, these
are not drugs, but agents used for ‘proof of concept’ and
pharmaceutical experiments. Compounds based on a variety
of scaffolds from Merck & Co. (L-748,415; Rodan et al.
1996), GD Searle (St Louis, MO, USA; SC-56631;
Engleman et al. 1997), SmithKline Beecham (SB 265123
and other compounds; Miller et al. 1999; Lark et al. 1999)
and HMR (Paris, France)/Genentech Inc. (South San
Franciso, CA, USA; Peyman et al. 2000), which have all
shown varying efficacy and specificity for avp3 in the
number of in vitro screening assays, have inhibitory effects
on the calcaemic response in thyro—parathyroidectomised
rodents and bone-sparing responses in ovariectomy
models (Hartman & Duggan, 2000; Miller et al. 2000).
Drug candidates with optimised pharmacokinetics and
dynamics are about to enter clinical trials for bone disease,
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and for other indications where avB3 is involved in disease
pathogenesis.

Expert opinion

Preclinical studies, taken with positive findings in ‘proof of
concept’ studies using small-molecule mimetics in a number
of in vivo models of bone metabolism, underline owv[33
antagonists as promising candidates for a new class of bone
disease therapeutics. Whilst many of these agents are orally
active, there are still several outstanding issues, e.g. pharma-
cokinetic and pharmaceutical, that require further
optimisation. Moreover, the expression, albeit at lower
levels, of otvPB3 in other tissues suggest that other end points
may produce unwanted side effects; for example, will they
interfere with wound healing? Specificity issues may also be
important in defining the toxicological profile of ov[p3
antagonists; thus, will these drugs interfere with the function
of the related integrin, atvf6, in epithelia, and hence produce
significant respiratory tract or gut side effects?

Finally, although av3 antagonists have been developed
for use in bone diseases, other clinical targets also show
promise. For example, diseases such as rheumatoid arthritis,
angiogenesis in eye diseases and cancer, vascular restenosis
following coronary angioplasty, and targeting of invasive
melanoma and other tumours are all being investigated for
possible new applications of ov33 antagonist drugs.

Acknowledgements

M.AH. is supported by a programme grant from The
Wellcome Trust, UK.


https://doi.org/10.1079/PNS200079

280 M. A. Horton

References

Bilezikian JP, Raisz LG & Rodan GA (editors) (1996) Principles of
Bone Biology. San Diego, CA: Academic Press.

Capparelli C, Kostenuik PJ, Morony S, Starnes C, Weimann B,
Van G, Scully S, Qi M, Lacey DL & Dunstan CR (2000)
Osteoprotegerin prevents and reverses hypercalcemia in a
murine model of humoral hypercalcemia of malignancy. Cancer
Research 60, 783-787.

Chambers TJ, Fuller K, Darby JA, Pringle JA & Horton MA (1986)
Monocloncal antibodies against osteoclast inhibit bone
resorption in vitro. Bone Mineral 1, 127-135.

Clark EA & Brugge JS (1995) Integrins and signal transduction
pathways: the road taken. Science 268, 233-239.

Coller BS (1997) GPIIb/IIla antagonists: pathophysiologic and
therapeutic insights from studies of c7E3 Fab. Thrombosis and
Haemostasis 78, 730-735.

Corbett JW, Graciani NR, Mousa SA & DeGrado WF (1997)
Solid-phase synthesis of a selective alpha(v)beta(3) integrin
antagonist library. Bioorganic and Medicinal Chemistry Letters
7, 1371-1376.

Cox D, Aoki T, Seki J, Motoyama Y & Yoshida K (1994) The
pharmacology of the integrins. Medicinal Research Reviews 14,
195-228.

Devoto M, Shimoya K, Caminis J, Ott J, Tenenhouse A, Whyte
MP, Sereda L, Hall S, Considine E, Williams CJ, Tromp G,
Kuivaniemi H, Ala-Kokko L, Prockop DJ & Spotila LD (1998)
First-stage autosomal genome screen in extended pedigrees
suggests genes predisposing to low bone mineral density on
chromosomes 1p, 2p and 4q. European Journal of Human
Genetics 6, 151-157.

Dhingra K (1999) Antiestrogens — tamoxifen, SERMs and beyond.
Investigational New Drugs 17, 285-311.

Engleman VW, Nickols GA, Ross FP, Horton MA, Griggs DW,
Settle SL, Ruminski PG & Teitelbaum SL (1997) A peptido-
mimetic antagonist of the alpha(v) beta3 integrin inhibits bone
resorption in vitro and prevents osteoporosis in vivo. Journal of
Clinical Investigation 99, 2284-2292.

Ferguson JJ & Zagqqa M (1999) Platelet glycoprotein IIb/IIla
receptor antagonists: current concepts and future directions.
Drugs 58, 965-982.

Fisher JE, Caulfield MP, Sato M, Quartuccio HA, Gould RJ,
Garsky VM, Rodan GA & Rosenblatt M (1993) Inhibition of
osteoclastic bone resorption in vivo by echistatin, an ‘Arginyl-
Glycyl-Aspartyl’ (RGD)-containing protein. Endocrinology 132,
1411-1413.

Fitzgerald LA, Steiner B, Rall SC, Lo SS & Phillips DR (1987)
Protein sequence of endothelial glycoprotein Illa derived from a
cDNA clone. Journal of Biological Chemistry 267, 3936-3939.

Gadek T & Blackburn BK (1996) Identification and development
of integrin/ligand antagonists for the treatment of human disease.
In Adhesion Receptors as Therapeutic Targets, pp. 247-272
[MA Horton, editor]. Boca Raton, FL: CRC Press.

Gatti D & Adami S (1999) New bisphosphonates in the treatment
of bone diseases. Drugs and Agents 15, 285-296.

Gelb BD, Shi GP, Chapman HA & Desnick RJ (1996)
Pycnodysostosis, a lysosomal disease caused by cathepsin K
deficiency. Science 273, 1236-1238.

Gould RJ (1993) The integrin olIbP3 as an antithrombotic target.
Perspectives in Drug Discovery and Design 1, 537-548.

Hartman GD & Duggan ME (2000) owv3 integrin antagonists as
inhibitors of bone resorption. Expert Opinion in Investigational
Drugs 9, 1281-1291.

Haubner R, Gratias R, Diefenbach B, Goodman SL, Jonczyk A &
Kessler H (1996) Structural and functional aspects of RGD-
containing cyclic pentapeptides as highly potent and selective

https://doi.org/10.1079/PNS200079 Published online by Cambridge University Press

integrin alpha(v)beta(3) antagonists. Journal of the American
Chemical Society 118, 7461-7472.

Helfrich MH & Horton MA (1999) Integrins and adhesion
molecules. In Dynamics of Bone and Cartilage Metabolism, pp.
111-125 [MJ Seibel, SP Robins and JP Bilezikian, editors].
San Diego, CA: Academic Press.

Helfrich MH, Nesbitt SA, Lakkakorpi PT, Barnes MJ, Bodary SC,
Shankar G, Mason WT, Mendrick DL, Viianianen HK & Horton
MA (1996) Beta 1 integrins and osteoclast function: involvement
in collagen recognition and bone resorption. Bone 19, 317-328.

Hoekstra WJ & Poulter BL (1998) Combinatorial chemistry
techniques applied to nonpeptide integrin antagonists. Current
Medicinal Chemistry 5, 194-204.

Horton MA (1997) The owPB3 integrin ‘vitronectin receptor’.
International Journal of Biochemistry and Cell Biology 29,
721-725.

Horton MA, Dorey EL, Nesbitt SA, Samanen J, Ali FE, Stadel JM,
Nichols A, Greig R & Helfrich MH (1993) Modulation of
vitronectin receptor-mediated osteoclast adhesion by Arg-Gly-
Asp-Peptide analogs: a structure-function analysis. Journal of
Bone and Mineral Research 8, 239-247.

Horton MA & Rodan GA (1996) Integrins as therapeutic targets in
bone disease. In Adhesion Receptors as Therapeutic Targets, pp.
223-245 [MA Horton, editor]. Boca Raton, FL: CRC Press.

Horton MA, Taylor ML, Arnett TR & Helfrich MH (1991)
Arg-Gly-Asp (RGD) peptides and the anti-vitronectin receptor
antibody 23C6 inhibit dentine resorption and cell spreading by
osteoclasts. Experimental Cell Research 195, 368-375.

Hughes PE & Pfaff M (1998) Integrin affinity modulation. Trends
in Cell Biology 8, 359-364.

Hynes RO (1992) Integrins: versatility, modulation, and signaling
in cell adhesion. Cell 69, 11-25.

Isacke CM & Horton MA (2000) The Adhesion Molecule
Factsbook, 2nd ed. London: Academic Press.

Johnson ML, Gong G, Kimberling W, Recker SM, Kimmel DB &
Recker RB (1997) Linkage of a gene causing high bone mass to
human chromosome 11 (11q12-13). American Journal of
Human Genetics 60, 1326—1332.

Kong YY, Feige U, Sarosi I, Bolon B, Tafuri A, Morony S,
Capparelli C, Li J, Elliott R, McCabe S, Wong T, Campagnuolo
G, Moran E, Bogoch ER, Van G, Nguyen LT, Ohashi PS, Lacey
DL, Fish E, Boyle WJ & Penninger JM (1999) Activated T cells
regulate bone loss and joint destruction in adjuvant arthritis
through osteoprotegerin ligand. Nature 402, 304-309.

Kunicki TJ, Annis DS & Felding-Habermann B (1997) Molecular
determinants of Arg-Gly-Asp ligand specifically for beta(3)
integrins. Journal of Biological Chemistry 272, 4103-4107.

Lark MW, Stroup GB, Hwang SM, James IE, Rieman DJ, Drake
FH, Bradbeer JN, Mathur A, Erhard KF, Newlander KA, Ross
ST, Salyers KL, Smith BR, Miller WH, Huffman WF &
Gowen M (1999) Design and characterization of an orally active
Arg-Gly-Asp peptidomimetic vitronectin receptor antagonist,
SB 265123, for the prevention of bone loss in osteoporosis.
Journal of Pharmacology and Experimental Therapeutics 291,
612-617.

Lazarus RA & McDowell RS (1993) Structural and functional
aspects of RGD-containing protein antagonists of glycoprotein
[Ib-I1la. Current Opinion in Biotechnology 4, 438-445.

Lin KC & Castro AC (1998) Very late antigen 4 (VLA4)
antagonists as anti-inflammatory agents. Current Opinion in
Chemical Biology 2, 453—457.

Marcus R, Feldman D & Kelsey J (editors) (1996) Osteoporosis.
San Diego, CA: Academic Press.

Meunier PJ (1999) Evidence-based medicine and osteoporosis: a
comparison of fracture risk reduction data from osteoporosis


https://doi.org/10.1079/PNS200079

Nutritional aspects of bone metabolism 281

randomised clinical trials. International Journal of Clinical
Practice 53, 122—-129.

Miller WH, Bondinell WE, Cousins RD, Erhard KF, Jakas DR,
Keenan RM, Ku TW, Newlander KA, Ross ST, Haltiwanger RC,
Bradbeer J, Drake FH, Gowen M, Hoffman SJ, Hwang SM,
James IE, Lark MW, Lechowska B, Rieman DJ, Stroup GB,
Vasko-Moser JA, Zembryki DL, Azzarano LM, Adams PC &
Huffman WF (1999) Orally bioavailable nonpeptide vitronectin
receptor antagonists with efficacy in an osteoporosis model.
Bioorganic and Medicinal Chemistry Letters 9, 1807-1812.

Miller WH, Keenan R, Willette RN & Lark MW (2000)
Identification and in vivo efficacy of small molecule antagonists
of integrin avB3 (the ‘vitronectin receptor’). Drug Discovery
Today 5, 397-408.

Nesbitt S, Nesbit A, Helfrich M & Horton M (1993) Biochemical
characterisation of human osteoclast integrins. Osteoclasts
express avP3, o2B1 and a1 integrins. Journal of Biological
Chemistry 268, 16737-16745.

Pasqualini R, Koivunen E & Ruoslahti E (1995) A peptide isolated
from phage display libraries is a structural and functional mimic
of an RGD-binding site on integrins. Journal of Cell Biology 130,
1189-1196.

Peyman A, Wehner V, Knolle J, Stilz HU, Breipohl G,
Scheunemann KH, Carniato D, Ruxer JM, Gourvest JF, Gadek
TR & Bodary S (2000) RGD mimetics containing a central
hydantoin scaffold: ovPB3 versus olIIbB3 selectivity require-
ments. Bioorganic Medicinal Chemistry Letters 10, 179-182.

Pfaff M, Tangemann K, Muller B, Gurrath M, Muller G, Kessler H,
Timpl R & Engel J (1994) Selective recognition of cyclic RGD
peptides of NMR defined conformation by ollbB3, owvfB3 and
o5B1  integrins. Journal of Biological Chemistry 269,
20233-20238.

Phillips DR & Scarborough RM (1997) Clinical pharmacology of
eptifibatide. American Journal of Cardiology 80, 11B-20B.

Pierschbacher MD & Ruoslahti E (1984) Cell attachment activity of
fibronectin can be duplicated by small synthetic fragments of the
molecule. Nature 309, 30-33.

Pytela R, Pierschbacher MD & Rouslahti E (1985) A 125/115-kDa
cell surface receptor specific for vitronectin interacts with the
Arginine-Glycine-Aspartic acid adhesion sequence derived form
fibronectin. Proceedings of the National Academy of Sciences
USA 82, 5766-5770.

Rittmaster RS, Bolognese M, Ettinger MP, Hanley DA, Hodsman
AB, Kendler DL & Rosen CJ (2000) Enhancement of bone mass
in osteoporotic women with parathyroid hormone followed by
alendronate. Journal of Clinical Endocrinology and Metabolism
85, 2129-2134.

Rodan SB, Duong L, Fisher JE, Gentile M, Leu C-T, Nagy RM,
Wesolowski G, Duggan ME, Hoffman WF, Ihle RM, Whitman
DB & Rodan GA (1996) A high affinity non-peptide otvP3 ligand
inhibits osteoclast activity in vitro and in vivo. Journal of Bone
and Mineral Research 11, Suppl. 1, S289.

Ruoslahti E (1996) RGD and other recognition sequences for
integrins. Annual Review of Cell and Developmental Biology 12,
697-715.

Samanen JM (1996) GPIIb/Illa antagonists. Annual Reports In
Medicinal Chemistry 31, 91-100.

https://doi.org/10.1079/PNS200079 Published online by Cambridge University Press

Samanen JM, Ali FE, Barton LS, Bondinell WE, Burgess JL,
Callahan JF, Calvo RR, Chen W, Chen L, Erhard K, Feuerstein
G, Heys R, Hwang SM, Jakas DR, Keenan RM, Ku TW,
Kwon C, Lee CP, Miller WH, Newlander KA, Nichols A,
Parker M, Peishoff CE, Rhodes G & Huffman WF (1996)
Potent, selective, orally active 3-oxo-1,4-benzodiazepine
GPIIb/IIa integrin antagonists. Journal of Medicinal Chemistry
39, 4867-4870.

Sato M, Sardana MK, Grasser WA, Garsky VM, Murray JM &
Gould RJ (1990) Echistatin is a potent inhibitor of bone
resorption in culture. Journal of Cell Biology 111, 1713-1723.

Scimeca JC, Franchi A, Trojani C, Parrinello H, Grosgeorge J,
Robert C, Jaillon O, Poirier C, Gaudray P & Carle GF (2000) The
gene encoding the mouse homologue of the human osteoclast-
specific 116-kDa V-ATPase subunit bears a deletion in
osteosclerotic (oc/oc) mutants. Bone 26, 207-213.

Simonet WS, Lacey DL, Dunstan CR, Kelley M, Chang MS, Luthy
R, Nguyen HQ, Wooden S, Bennett L, Boone T, Shimamoto G,
DeRose M, Elliott R, Colombero A, Tan HL, Trail G, Sullivan J,
Davy E, Bucay N, Renshaw-Gegg L, Hughes TM, Hill D,
Pattison W, Campbell P & Boyle WJ (1997) Osteoprotegerin: a
novel secreted protein involved in the regulation of bone density.
Cell 89, 309-319.

Soriano P, Montgomery C, Geske R & Bradley A (1991) Targeted
disruption of the c-src proto-oncogene leads to osteopetrosis in
mice. Cell 64, 693-702.

Stenbeck G & Horton MA (2000) A new specialized cell-matrix
interaction in actively resorbing osteoclasts. Journal of Cell
Science 113, 1577-1587.

Suzuki S, Argraves WS, Pytela R, Arai H, Krusius T, Pierschbacher
MD & Ruoslahti E (1986) cDNA and amino acid sequences of
the cell adhesion protein receptor recognizing vitronectin reveal
a transmembrane domain and homologies with other adhesion
protein receptors. Proceedings of the National Academy of
Sciences USA 83, 8614-8618.

Tcheng JE (1996) Glycoprotein IIb/IIla receptor inhibitors: putting
the EPIC, IMPACT II, RESTORE, and EPILOG trials into
perspective. American Journal of Cardiology 78, 35-40.

Theroux P (1998) Oral inhibitors of platelet membrane receptor
glycoprotein IIb/Illa in clinical cardiology: issues and
opportunities. American Heart Journal 135, S107-S112.

Viidndnen HK & Horton M (1995) The osteoclast clear zone is a
specialized cell-extracellular matrix adhesion structure. Journal
of Cell Science 108, 2729-2732.

Wang W, Borchardt RT & Wang B (2000) Orally active peptido-
mimetic RGD analogs that are glycoprotein IIb/IIla antagonists.
Current Medicinal Chemistry 7, 437-453.

Whyte MP (1993) Carbonic anhydrase II deficiency. Clinical
Orthopaedics 294, 52—-63.

Yacyshyn BR, Bowen-Yacyshyn MB, Jewell L, Tami JA, Bennett
CF, Kisner DL & Shanahan WR (1998) A placebo-controlled
trial of ICAM-1 antisense oligonucleotide in the treatment of
Crohn’s disease. Gastroenterology 114, 1133-1142.

Yamamoto M, Fisher JE, Gentile M, Seedor JG, Leu CT, Rodan SB
& Rodan GA (1998) The integrin ligand echistatin prevents bone
loss in ovariectomized mice and rats. Endocrinology 139,
1411-14109.


https://doi.org/10.1079/PNS200079

