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Abstract

Introduction

Both prostate cancer (PC) and its treatment have important effects on bone and body
composition. Three distinct mechanisms affect bone; androgen deprivation therapy
(ADT); use of chemotherapy and systemic glucocorticoids (GC), and bone metastases
(BM). Work undertaken in this thesis investigates the effect of ADT on bone density,
microarchitecture, strength, physical performance, frailty, biomarkers of bone turnover
and body composition. The second section explores the role of biomarkers in predicting
the development of PC BM.

Methods

The ANTELOPE trial recruited men receiving ADT or ADT and chemotherapy/GC for PC,
and healthy controls. A comprehensive bone health assessment was undertaken at
baseline and 12 months to identify changes associated with ADT. The biomarker
discovery project applied proteomic methods to PC cell lines to quantify the expression
of CAPG, GIPC1 and DOCK4 proteins and sought to relate expression to their predicted
metastatic potential.

Results

ADT was associated with loss of bone density at all skeletal sites. There was significant
loss of volumetric density at the radius, along with microarchitectural deterioration and
reduced bone strength and stiffness. ADT increased bone turnover, and led to
sarcopenic obesity with marked effects in upper limb composition. Frailty increased and
physical performance and strength deteriorated in association with ADT.

The biomarkers GIPC1 and DOCK4 showed differential expression across PC cell lines
and may have a role in the early stages of metastasis, but do not appear to predict BM
development.

Conclusions

ADT has profound effects on bone density, structure, strength and body composition,
and has important effects on frailty and physical performance. Assessment of bone
health is an unmet need in this population and must be incorporated into clinical
practice to reduce risk of fractures and their associated morbidity and mortality.
Studies should explore the effects of bone targeted therapies on density and

microstructure in order to select the most appropriate treatment for this population.

Proteomic techniques allow the identification of predictive biomarkers of BM in PC, and

further work should explore GIPC1 and DOCK4 in PC cell lines and tissue models.
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Chapter 1: Introduction

This chapter will provide a general introduction to this thesis. It will explain basic bone
anatomy, physiology, and metabolism. It will also provide a thorough overview of
prostate cancer, with a focus on the effects of androgen deprivation therapy and
metastatic bone disease on bone health. This chapter will also explain the mechanisms
and management of osteoporosis in men, including the role of fracture risk assessment.

1.1 Bone anatomy and determinants of bone strength

The adult human skeleton is comprised of more than 200 bones, and provides structural
support, facilitates movement and protects vital organs. It regulates mineral
homeostasis and acid-base balance, serves as a reservoir for growth factors and
cytokines, and is the site of haematopoesis within the bone marrow compartment. Long
bones have a hollow shaft (diaphysis), a flared metaphysis below the growth plate, and
a rounded epiphysis 1.

1.1.1 Types of bone tissue

Macroscopically, bone tissue can be divided into cortical bone and trabecular bone.
Approximately 80% of the adult human skeleton is comprised of cortical bone 2. This is
predominantly found in the diaphysis of long bones and is responsible for the
mechanical function of the skeleton. Trabecular bone is mostly found in the axial
skeleton between the cortices of smaller bones such as the scapulae and vertebrae.
Trabecular bone is surrounded by a cortical shell, but the cortical thickness (and the
ratio of cortical to trabecular bone) depends on the location in the skeleton. For
example, cortical bone comprises 95% of bone tissue at the radius (higher cortex to
trabecular bone volume ratio), compared with only 25% in the vertebral bodies *. In
general, there is a higher cortex to trabecular bone volume ratio in diaphyseal areas
than in metaphyseal areas 3.

Cortical bone consists of a series of dense, parallel concentric osteons and has an outer
periosteum and an inner surface covered by endosteum 4. A network of Haversian
and Volkmann’s canals contain capillaries and nerve fibres, and facilitate the supply of
energy and nutrients °. The periosteal surface is where appositional growth and
damage repair occur. Bone formation typically exceeds resorption here, and as a
consequence, bone diameter increases with ageing °. The inner endosteal surface
experiences a greater rate of bone turnover due to biomechanical forces and exposure
to cytokines 1. Bone resorption exceeds formation here, and the bone marrow
compartment expands over time.

In general, cortical bone is stiffer and able to resist higher stress than trabecular bone,
but it is also more brittle 372, It has a more uniform pattern of biomechanics, strength
and stiffness than trabecular bone. Cortical porosity is defined as the average fraction of
void volumes within the cortical bone volume, usually around 5% °. Increased cortical



-8-

porosity is observed when bone turnover is increased, and it is associated with reduced
strength and stiffness 191112 Cortical porosity contributes to an increased risk of
fracture, independent of bone density and other fracture risk factors %13,

Trabecular bone is more metabolically active than cortical bone and has a much larger
surface area *. It is comprised of a network of lamellar bone plates and rods that are
interspersed throughout the tissue, and is less dense, homogenous and parallel than
cortical bone 2. Trabecular bone obtains its blood supply via diffusion from the bone
marrow compartment 4. It varies widely in strength and stiffness even within a small
area, due to its heterogeneity in structure and apparent density. In general, trabeculae
size and shape, and their connectivity and orientation (a measure of anisotropy, where
properties depend on direction of load) are significant contributors to bone strength.

The stiffness and strength of cortical and trabecular bone depend on the direction of
the load that is applied. Bone is most able to withstand compression loads, is able to
withstand tension loads to some degree, and is least able to resist shear loads 4%,

1.1.2 Bone tissue composition

The majority of bone is comprised of an organic matrix which consists predominantly of
type 1 collagen fibres ®17. The remainder is comprised of proteoglycans and non-
collagenous proteins which have a role in matrix mineralisation and regulation of bone
cell differentiation and function 8 The main function of bone matrix is to provide
tensile strength, reflected by an increased fracture risk in those with abnormal type 1
collagen 1929,

Type 1 collagen is produced by osteoblast cells from procollagen. This polypeptide
consists of an N-terminal pro-peptide, a central collagen domain and a C terminal pro-
peptide. Following post-translational modification, procollagen is transported through
the Golgi apparatus and secreted from the cell into the extracellular matrix 2L. It is
cleaved of the N and C-terminals to produce a triple helix. This consists of two identical
al(l) chains and a third structurally similar but genetically different a2(l) chain. Each
chain is composed of around 1000 amino acids and has cross links (formed by hydrogen
bonds) between hydroxyproline and other charged residues. These mature collagen
molecules undergo spontaneous self-assembly into linear collagen fibrils, which are
grouped in bundles to form collagen fibres ?1. Inter-molecular and inter-fibrillar cross-
links 22 help to maintain the polypeptide chains in a closely organised fibrillar structure.

The inorganic fraction of bone accounts for around 60% of bone tissue by weight, and
around 40% of bone volume 723, It is comprised of hexagonal hydroxyapatite crystals of
calcium and phosphate which can vary in size or in composition . Mineralisation is a
key determinant of bone strength, and refers to the process by which an inorganic
substance (hydroxyapatite) precipitates in an organic matrix scaffold (type 1 collagen
predominant bone matrix). Bone mineralisation occurs in two phases. Primary
mineralisation of newly formed bone occurs during the bone remodelling cycle
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(described later), and secondary mineralisation after the remodelling cycle has been
completed, where there is a gradual increase in crystal size and number 24,

1.1.3 Determinants of bone strength

The ability of bone to carry out its mechanical function is determined by its strength 2°.
When strain on a bone reaches a critical limit, it is unable to be effectively dissipated,
micro-cracks form, and accumulation of these ultimately leads to bone failure
(fracture).

There are four mechanical terms that can describe the load- carrying behaviour of bone,
and these can be derived from a stress-strain curve when bone undergoes testing
(figure 1) 2627 Bone strength is the maximum force that a bone can withstand and is
represented by the maximum height of the curve. The area under the curve is a
combination of bone toughness (an approximate estimate of the energy that is required
to cause bone failure) and resilience which is the amount of stored elastic energy. The
fourth key property is bone stiffness, which is how a bone responds to an initial load,
and is represented by the maximum slope of the stress strain curve. Bone stiffness
prevents a bone from bending and buckling in response to strain 2.

A well-established hierarchical group of material properties are the key determinants of
bone strength and are shown in figure 2. These include; whole bone geometry and bone
mass (bone size and shape, the amount and distribution of bone tissue, and cortical
thickness); bone microarchitecture (trabecular architecture, cortical parameters such as
porosity); and biophysical properties of bone tissue (such as the mineral to matrix ratio
and mineral crystal size, degree and types of collagen cross links, the ability to repair
microdamage) 2°. It therefore follows that bone strength can be impaired by deficits in
one or more of the above properties of bone. However, their relationship with overall
bone strength is complex, and all determinants must be considered together. For
example, properties which may contribute to a bone having increased resistance to
compression may be deleterious when a different force (such as bending) is applied 3°.
Equally, many properties have a U shaped association with bone strength; such as the
degree of mineralisation (too little mineralisation causes weakness, whilst excess
mineralisation causes brittleness and decreased elastic strength) 3132
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Stiffness
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—Toughness
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Figure 1: A force-displacement curve (stress-strain) from mechanical
testing of a bone.

The height of the curve represents bone strength, which is the maximum load
that a bone can sustain. The total area under the curve is comprised of the
material toughness (the amount of energy required to break the material,
known as the plastic modulus) and resilience (the amount of stored elastic
energy). The maximum slope of the curve indicates the bone stiffness, which
is also known as the Young’s modulus. This is the ratio between the stress
applied to bone and the strain which occurs as a result; a higher Young’s
modulus denotes a stiffer material (more force is required to produce the
same strain when compared to a less stiff material) 33. Indicated by X, the
yield point is a transition point when the strains can no longer be dissipated,
and which results in permanent structural damage (fracture). Figure adapted
from Hart, NH et al %,
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Whole Bone

Geometry
Bone size and mass
Cortical thickness
Femoral neck geometry
Movement of inertia

Bone microarchitecture
Trabecular shape and orientation
Trabecular thickness and connectivity,
Cortical porosity
Tissue organisation

Bone tissue properties
Degree of mineralisation, heterogeneity of crystals
Hydration
Integrity of the osteocyte network (lacuno-canalicular)
Degree and type of collagen cross links (enzymatic Vs non-enzymatic)
Amount and type of non-collagenous proteins

Figure 2: Determinants of bone strength.

An established bone strength framework demonstrates the material
properties of bone strength 1. At the top of the pyramid and supported by
the other elements, the macrostructural and morphological features of bone
are represented. The centre of the pyramid contains the microarchitectural
properties of the cortical and trabecular components, and the base of the
pyramid is represented by the relative amount and biophysical properties of
the inorganic and organic components. In addition, the rate of bone
remodelling (which may be affected by many other factors) is a key
contributor to bone strength. Alterations in any one, or a combination of any
of these can have a significant impact on overall bone strength.
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1.1.4 Bone geometry

Bone geometry refers to its size, shape, cortical thickness, and cross sectional area.
These factors determine the distribution of bone mass and the ability of bone to
withstand forces such as bending and torsion 22, Increased cortical perimeter and
thickness are predictive of higher bone strength and a reduced risk of fracture 343>, It
has been suggested that increases in bone diameter that are associated with age and
menopause may be a compensatory mechanism for the changes seen in trabecular
architecture and bone mass, allowing bone strength to be maintained 3%3’. Femoral
neck geometry affects the forces that are transmitted in the event of a fall 3, and
femoral neck parameters have been incorporated into fracture risk estimation by
software .

1.1.5 Bone microarchitecture

Bone microarchitecture refers to both trabecular and cortical parameters. Features of
trabecular microstructure include the trabeculae orientation, thickness and spacing, and
also their degree of connection with each other °. When bone is resorbed, trabecular
bone is often affected more than cortical bone due to its greater surface to volume
ratio. Trabeculae shift from plate shapes to thinner rods, and their separation increases.
Thinning leads to progressive perforation, loss of connectivity and reduced number of
trabeculae, which compromises bone strength 2% 41, This is most significant in bones
with a high proportion of trabecular bone such as vertebrae, where the trabecular bone
volume is thought to explain more than 90% of their variability in compressive strength,
and can influence bone strength independently of BMD 4243, Trabecular bone volume
(TBV) decreases along with age; studies in humans have suggested approximately one
quarter of TBV is lost between the ages of 20 and 90 years **. The factors underlying this
decrease seem to differ in men and women; the former experience decreased
trabecular thickness, whilst the latter display a decrease in number and separation %4,

Cortical bone thickness and integrity contributes significantly to bone strength. The
cortex bears between 30-90% of axial loads at the ends of long bones, the distal radius
and the vertebrae. Assessment of cortical bone parameters predicts bone strength
more accurately than bone mineral density measurement. Cortical bone mass, area and
thickness are predictive of fracture risk at various skeletal sites *°.

Cortical porosity can reflect either an increased number or diameter of Haversian
canals, or both of these. It is defined as the average fraction of void volumes within
bone, and is reported as a percentage °. Cortical porosity increases with age and varies
between individuals with the same BMD *°. Increased cortical porosity is associated
with reduced stiffness, toughness, elasticity and ability to absorb impact energy
45464748 |t has also been observed that the mechanical properties of bone are highly
sensitive to small changes in its cortical porosity; for example, a change in porosity from
10 to 15% reduces the elastic modulus (material stiffness) of a bone by almost half 46,
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1.1.6 Bone tissue material properties

The properties of bone tissue comprise the relative amount and biophysical properties
of both the organic and the inorganic (matrix) components. A key feature of the organic
matrix is post translational crosslink formation between type 1 collagen fibres, which
can occur via enzymatic and non-enzymatic mechanisms.

Enzymatic crosslinks are considered to be beneficial to the mechanical properties of
collagen 1. They are generated via both lysyl oxidase lysyl hydroxylases, which aids the
formation of crosslinks such as pyridinoline and deoxypyridinoline 2%, which are
indicators of collagen maturity that can be used as markers of bone resorption #’.

Non-enzymatically generated collagen crosslinks include advanced glycation end
products (AGEs) and pentosidine, and these accumulate with age and in disease (such
as osteoporosis) 442>, Glycation is mediated by aldose or ketose sugars (or other
metabolites) which react with free amino groups in lysine, hydroxylysine and arginine
residues and lead to formation of protein adducts or promotion of cross-linkage 2*. The
presence of AGEs is associated with deterioration in bone mechanical properties;
increased brittleness; accumulation of micro-damage, a reduction in toughness and
increased fracture risk %152,

In addition to the type of crosslinks, other factors may influence the mechanical
properties of collagen. These include; the amount and type of non-collagenous proteins

>3, the orientation of collagen fibres °* and the number and type of crosslinks present
55,56

The degree of bone matrix mineralisation also has an important influence on bone
strength 3. In general, an increase in bone mineralisation is associated with increased
strength and elastic modulus (even when other parameters of bone strength are the
same). Mineralisation is linked to the speed at which new bone is synthesised and old
bone is broken down (bone turnover); when this is rapid, recently formed bone is
resorbed before there is time for adequate secondary mineralisation °’. Conversely, in
very low bone turnover states there is excess mineralisation which can be harmful and
compromise strength. In this situation, the reduced removal of old and extensively
mineralised bone makes bone brittle and reduces its elastic properties, and facilitates
the development and proliferation of micro-cracks and subsequent structural failure °8.
An important clinical manifestation of this mechanism occurs when bisphosphonates
are used to suppress bone turnover. A well described adverse effect of bisphosphonates
is the incidence of atypical fractures >°; and bone tissue at these sites has been shown
to be heavily mineralised .

In addition to the degree of mineralisation, the morphology of hydroxyapatite crystals is
also a determinant of bone strength. Increased strength is associated with an increase
in crystal size heterogeneity ©%, this reduces with ageing in humans, in those with

fragility fractures, and in the long term use of bisphosphonates 6962,
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1.2 Bone biology and physiology

There are four principal types of bone cell; osteoblasts, osteoclasts, osteocytes and
bone lining cells.

1.2.1 Osteoblasts

Osteoblasts are multinucleated cuboidal cells that are located on the surface lining of
bone, and constitute 4-6% of all bone cells %3 . They are derived from mesenchymal
stem cells in the bone marrow and their principal role is to produce the organic bone
matrix 4. They differentiate into mature osteoblasts via either intramembranous or
endochondral ossification ©. The functional role of osteoblasts is reflected in their
morphology; they display many characteristics of protein synthesising cells such as
abundant rough endoplasmic reticulum, mitochondria, secretory vesicles and
prominent Golgi apparatus ©°.

Commitment of stem cells to the osteoprogenitor/ osteoblast cell lineage is dependent
on the expression of specific genes such as bone morphogenetic protein, SOX9 and
members of the Wingless (Wnt) pathway ©75> The key transcription factor in the
commitment of mesenchymal progenitor cells to the osteoblast lineage is the Runt-
related transcription factor 2 (Runx2) 638, Pre-osteoblast differentiation into mature
cells occurs in three phases; the first involves proliferation and expression of
fibronectin, collagen, transforming growth factor beta 1, and osteopontin 3, Stage two
occurs when cells exit the cell cycle, begin to differentiate and show alkaline
phosphatase activity (pre-osteoblast) 8. The third stage involves maturation and
morphological changes and secretion of proteins including type 1 collagen and bone
matrix proteins .

The process of new bone formation takes between 4 and 6 months. Bone matrix is
synthesised by osteoblasts in two main phases; the deposition of matrix and
mineralisation. Matrix is formed by the secretion of collagen, non-collagenous proteins
as well as proteoglycans ®°. Mineralisation begins when there is release of matrix
vesicles from the apical membrane of osteoblasts, which bind to proteoglycans in the
newly formed bone matrix 2. Calcium and phosphate ion mobilisation is also mediated
by osteoblasts; they secrete enzymes that degrade proteoglycans (calcium containing)
and alkaline phosphatase degrades phosphate containing compounds. Calcium ions are
taken up into matrix vesicles via annexin channels whereas the phosphate ions are
released inside matrix vesicles 2. Nucleation of these ions leads to the formation of the
hydroxyapatite crystals. The fibrillar phase of mineralisation occurs when super-
saturation of calcium and phosphate ions inside the matrix vesicles leads to their
rupture and spread to the surrounding matrix 7°.

Regulation of the osteoblast cell lineage, and their differentiation and maturation is
complex, and involves multiple genes (Runx2, osterix, Sox9) as well as physical forces
(such as sheer stress, vibration, compression and bending) which induce
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osteoblastogenesis 7. Other important regulators include bone morphogenic proteins
(BMPs) 72, growth factors, Vitamin D receptor and parathyroid hormone 6366887,
Mature osteoblasts eventually undergo apoptosis (between 50-70% of cells) or terminal
differentiation 74. Those that have encircled themselves within bone matrix differentiate
into osteocytes, those that remain on the surface of bone facing towards the
periosteum become bone lining cells.

1.2.2 Bone lining cells

Bone lining cells contain scarce cytoplasm and few organelles, are metabolically

inactive, and are found on the surfaces of bones 7>. Some have membrane processes
that extend into canaliculi, and gap junctions are widely seen between adjacent cells
and also between lining cells and neighbouring osteocytes. Their role is not entirely
clear, but may involve coupling bone formation with resorption, regulation of crystal

growth in bone, and a physical role as a barrier between extracellular fluid and bone
66,76

1.2.3 Osteocytes

Osteocytes account for over 90% of the total bone cells in the adult skeleton, and have
a life span of up to 25 years. Cell bodies of osteocytes are found in lacunae surrounded
by mineralised bone matrix and cellular morphology is dependent on the type of bone
inhabited 77. The osteoblast to osteocyte transition process is accompanied by
structural and morphological changes; a reduction in the number of organelles, an
increase in the nucleus:cytoplasm ratio, reduction in cell size, a decrease in protein
secretion, and the development of cytoplasmic processes 2.

The podoplanin protein (E11/gp38) is important in the development of osteocyte
cytoplasmic processes that project into canaliculi and form the lacuna-canalicular
system. Gap junctions between cells facilitate intercellular communication and
nutrition, and the complex interconnected network allows osteocytes to act as
mechanosensors’8%, Osteocytes also produce secondary messengers and paracrine
factors in response to mechanical stimulus®'-82,

In addition to their role as mechanoreceptors, osteocytes recruit osteoclasts to sites of
remodelling when they undergo apoptosis 8. Osteocyte cell death is increased in
conditions such as osteoporosis, osteoarthritis, use of glucocorticoids, low oestrogen
states, and oxygen deprivation (such as during periods of immobilisation) 8. Inhibition
of osteocyte cell death occurs with the use of oestrogen, drugs such as
bisphosphonates, and some forms of mechanical loading 8284, Osteocyte autophagy is a
degradation of lysosomes that facilitates recycling of cellular products, it can either
preserve viability of cells (through self-preservation of cells during unfavourable
conditions) or can lead to cell death 82. The viability of osteocytes is an important
determinant of bone homeostasis and maintenance of strength; apoptosis is essential
for normal bone remodelling and repair of damage, however excess apoptosis
contributes to bone loss and fragility.
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The Wnt/ beta catenin pathway regulates both osteocyte viability and function.
Selective deletion of beta catenin in osteocytes increases the activity of osteoclasts and
generates a porous bone phenotype #. Osteocyte B catenin is required for the
expression of anti-osteoclastogenic factors such as osteoprotegerin (OPG) 82,
Osteocytes highly express the negative regulators of the Wnt/B catenin pathway
sclerostin and DKK1 88, Sclerostin is encoded by the SOST gene, and has anti-anabolic
effects on bone formation, it is believed to be an antagonist of lipoprotein receptor 5 (a
positive regulator of bone mass) 8%7. SOST mutations are associated with higher bone
mass in humans 8. A reduction in sclerostin expression is observed with mechanical
loading and PTH 8%,

1.2.4 Osteoclasts

Osteoclasts are giant multinucleated cells that have numerous mitochondria and
lysosomal vacuoles °1. Their plasma membrane has a characteristic ruffled border, with
a large surface area for intra- and extracellular exchange °2. Osteoclasts migrate from
the bone marrow to the bone surface at various skeletal sites and their primary function
is bone resorption. Osteoclasts also produce clastokines and cytokines involved in
regulation of the haematopoetic stem cell niche °3. Disorders of osteoclast formation or
activity such as osteoporosis, inflammatory arthritis, and osteopetrosis demonstrate
their importance in maintaining normal bone homeostasis .

Active osteoclasts at sites of bone remodelling are highly polarised cells. Activation
induces structural changes such as rearrangement of the actin cytoskeleton, and
formation of a tight junction between the bone matrix surface and basal membrane to
form a sealed compartment®’. Osteoclast attachment to matrix proteins is mediated by
integrins % %, Once osteoclasts have attached to bone a sealed resorption
compartment is formed shown in figure 3. This compartment is acidified by release of
organic acids from the ruffled border which degrade hydroxyapatite crystals °®.
Exocytosis of lytic enzymes from the ruffled border such as matrix metalloproteinases,
Cathepsin K and tartrate resistant acid phosphatase erode the inorganic bone
components 1. Degradation products are transcytosed through the cell and released
from the plasma membrane into the extracellular space *%<sup>91</sup>.

Multiple genes regulate osteoclastogenesis and can prevent development and/or
function of the osteoclast °1. Two other important factors in the activation of
osteoclasts are macrophage colony-stimulating factor (M-CSF) and receptor activator of
nuclear factor kappa B ligand (RANKL) °1. M-CSF binds to its receptor in osteoclast
precursors which stimulates their proliferation and prevents apoptosis 8. RANKL is
expressed by osteoblasts, osteocytes and stromal cells; it binds to the RANK receptor on
osteoclast precursor cells and induces osteoclastogenesis °°. The RANK/RANKL
interaction has other important downstream effects that contribute to the function of
osteoclasts and their precursors 1%, A key inhibitor of the RANK/RANKL interaction is
osteoprotegrin (OPG) which is produced by fibroblasts, osteoblasts and stromal cells 192,
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Figure 3: Osteoclast activity

Upon contact with bone, the osteoclast undergoes structural change and
forms a sealed compartment (Howship’s lacuna). The osteoclast becomes
polarised via matrix-derived signals transmitted by integrins. The ruffled
border secretes organic acids to produce an acidic microenvironment
which mobilises bone mineral that can subsequently undergo enzymatic
degradation, and the products of this are transcytosed through the cell in

vesicles and released at the plasma membrane. Figure taken from Roux et
al 102
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1.2.5 Bone turnover

Bone modelling refers to the modifications in bone size and shape that begin in early
skeletal development. Bone formation and bone resorption are uncoupled, and bone is
removed from one skeletal site and new bone is formed at another to bring about
major change in bone architecture.

Remodelling refers to the continuous process by which bone is resorbed and re-formed
at the same skeletal site. This is a tightly coupled process both spatially and temporally;
there is minimal net change in bone volume and the bone structure remains constant. It
has been estimated that up to 10% of the adult human skeleton is replaced each year,
and each cycle of remodelling lasts between 120-200 days 3. Multiple systemic and
local factors regulate remodelling. Physiological remodelling allows for damage repair,
prevents the accumulation of excessively mineralised bone, and also maintains mineral
homeostasis 194,

A basic multicellular unit (BMU) is an anatomical term which refers to an active site of
bone remodelling. It comprises osteoclasts, osteoblasts, a vascular supply 10> .
Traversing and encasing this compartment is a canopy of bone cells, which forms a
specialised microenvironment 1%, The bone remodelling cycle has five distinct and
sequential phases, activation, resorption, reversal, formation and termination.

Activation occurs when an initiation signal is detected from mechanical stress or
hormonal influence. Targeted remodelling refers to the specific removal of damaged
bone %7, Mechanical strain applied to bone results in structural damage; sensed by
osteocytes and transduced into biological signals 2. Damage to bone matrix triggers
osteocyte apoptosis and the release of paracrine factors that stimulate angiogenesis
and recruit osteoclasts. Non-targeted remodelling occurs in response to changes in
systemic hormones such as PTH, and does not target a specific skeletal site %7, PTH is
released which activates protein kinase intracellular signalling and regulates the release
of factors that promote bone resorption 108,

The resorption phase is a response by osteoclasts to signals generated by osteocytes or
hormones, and has a duration of between eight and ten days. Osteoblasts release
chemokines that attract osteoclast precursors 1%. Osteoblasts modulate their
expression of master osteoclastogenesis cytokines; RANKL expression is upregulated to
promote the proliferation and differentiation of osteoclast precursors, and there is a
reduction in OPG expression to remove its inhibitory effect on osteoclastogenesis .
Increased osteoblast expression of CSF-1 promotes proliferation and survival of
osteoclasts, and directs their motility and cytoskeletal organization /. Once activated,
osteoclasts attach to exposed integrin vitronectin receptors on the bone surface to form
Howships lacunae, acidify the compartment and release proteolytic enzymes (described
previously) 10, The resorption phase is terminated by the programmed cell death of
osteoclasts.
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The reversal phase involves a switch from bone resorption to formation, and lasts for
around one month. The resorbed bone surface is prepared for new matrix deposition,
and signalling pathways that couple resorption to formation are activated. A
mononuclear cell of osteoblastic lineage ‘reversal cell’ removes fragments of digested
collagen matrix from the bone surface 1. This leads to the formation of a non-
mineralised cement line to enhance osteoblast adherence 2. The coupling of bone
formation to resorption is essential to prevent net bone loss; it involves factors from the
bone matrix, osteoclasts, osteoclast membrane factors and structural changes brought
about by the osteoclast on bone tissue surface 113,

Bone formation phase has been described previously, and lasts for around four months.
It occurs in two parts; secretion of the type 1 collagen matrix by osteoblasts (along with
multiple other non-collagenous proteins) and its subsequent mineralisation ©°.
Important regulation of this phase occurs via PTH and mechanical strain which both
inhibit osteocyte expression of sclerostin (which usually binds to LEP 5/6 to inhibit Wnt
signalling) and increases bone formation 8. The final phase of the bone remodelling
cycle is termination. Once mineralisation is complete, osteoblasts undergo apoptosis,
differentiate into bone lining cells or terminally differentiate into osteocytes ©° .

1.2.6 Biomarkers of bone turnover

Biomarkers of bone turnover (BTM) are a group of proteins, protein degradation
products and enzymes that are released into the circulation during bone remodelling.
They reflect the number and activity of osteoblasts and osteoclasts and can be
measured non-invasively in serum or urine. They have been incorporated into many
trials involving patients with metabolic bone disorders, however, their role in routine
clinical practice is yet to be established. The most widely used biomarkers are listed in
table 1.

Biomarkers of bone formation include bone-specific alkaline phosphatase (BALP),
procollagen type 1 N terminal propeptide (PINP), procollagen type 1 C terminal
propeptide (PICP), and osteocalcin (OC) 14117,

PINP and PICP are cleaved from the procollagen molecule during its conversion to
collagen. They are used as indicators of type 1 collagen deposition, and PINP has been
more extensively investigated. PINP is released into the intracellular space and can be
measured in the circulation using antibody assays. PINP is the preferred bone formation
marker recommended by the International Osteoporosis Foundation (IOF) and the UK
National Osteoporosis Guideline Group (NOGG).

Osteocalcin (OC) is the most abundant non-collagenous protein in bone and accounts
for 2% of total body protein. OC is synthesised by osteoblasts and used as a marker of
their function, serum levels correlate with improvements seen in bone density when
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bone targeted therapies are used. Levels of OC also decrease rapidly and significantly
with the use of oral glucocorticoids (GC).

Key biomarkers of bone resorption include the carboyx-terminal and amino-terminal
crosslinked telopeptides of type 1 collagen (BCTX1 and NTX1) and bone sialoprotein
(BSP). Other resorption markers are deoxypyridinoline, hydroxyproline, hydroxylysine
and pyridinoline, however these are not routinely used, due to lack of specificity and
difficulties in measurement 18,

Degradation of type 1 collagen during bone resorption produces BCTX1 and NTX1, both
of which have been the subject of extensive investigation and are widely used
biomarkers. BCTX1 is highly sensitive and specific and is the recommended resorption
biomarker endorsed by clinical guidelines. It can also be used to monitor response to
anti-osteoporosis treatments; BCTX1 levels reduce by 50-80%, and reach maximum
suppression after 2 months. BCTX1 is also useful in the evaluation of glucocorticoid
induced changes in bone turnover, the initiation of glucocorticoids is associated with a
rapid increase in BCTX1 which peak after a week. BCTX1 is measured in serum via
enzyme-linked immunosorbent assay (ELISA) and can also be measured in urine.

The amino-terminal crosslinked telopeptide of type 1 collagen (NTX-1) can be measured
in either serum or urine. Urinary NTX has been used in studies to assess fracture risk in
certain patient populations, and although it does not require serum sampling (as BCTX1
does), the 24hr collection of urine can provide practical challenges. BCTX1 levels are
affected by food intake (20% postprandial reduction) and requires fasting
measurement. Other resorption biomarkers include osteoclast specific enzymes such as
tartrate-resistant acid phosphatase 5b (TRAP5b) and Cathepsin K, which may reflect the
number and activity of osteoclasts.

Clinical studies that measure BTM must account for other factors that affect their levels
in serum or urine. Many resorption markers exhibit diurnal variation and are often
highest early in the morning 11°. A postprandial decrease occurs in virtually all BTMs,
with a greater effect on resorption markers (apart from Trap5b), which experience a 20-
40% reduction compared with 10% fall in formation markers 11>, BTMs are also
increased by; recent fracture (resorption markers rapidly increase followed by a gradual
increase in formation markers); during the winter; with increasing age and following the
menopause 120121122 The overall balance of biomarkers alters after exercise (increase
in formation and decrease in resorption markers); immobilisation (increase in
resorption and decrease in formation) and the use of GCs where there is a rapid and
dose-dependent decrease in markers of formation 7. Simple measures can help to
circumvent some of these effects; for example by seeking to obtain fasted serum
samples early in the morning, and asking individuals to avoid alcohol or exercise '€,
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Table 1: Key biomarkers of bone turnover

Biomarker Origin Action Features
Bone-specific Osteoblast Enzymatic Low intra-individual variation
alkaline plasma degradation of Not affected by renal impairment
phosphatase membrane pyrophosphate
(BALP) (mineralisation Minimally affected by feeding

inhibitor)

Minimal changes seen with use of
bone targeted medications

Procollagen type

Proliferating

Cleaved from

Low intra-individual variability

Biomarker

produced by
osteoblasts
during bone
formation

Origin

1N terrr?lnal osteoblasts procollagen bY Small circadian rhythm
propeptide . proteases during
and fibroblasts - .
type 1 collagen Significant changes with bone
(PINP); .
formation targeted treatments allow for use
procollagen type . o
i in treatment monitoring
1 Cterminal
propeptide Can be affected by renal failure or
metastatic bone disease
(PICP)
(decreased clearance)
Relatively expensive
PINP is the preferred formation
biomarker
Osteocalcin Major non- Influences osteoid | Large variation: inter-laboratory / -
(0C) collagenous mineralisation assay.
protein, Provides negative

feedback during
remodelling

Action

Affected by renal function and
vitamin K/

Has circadian variability.

Reflects late osteoblast activity

Features

Deoxypyridinoline

(DPD)

Mature type 1
collagen

Cross link released
during the
breakdown of

mature type 1
collagen

Bone-specific measure of collagen
degradation

Not affected by feeding
Does not require plasma sample
Circadian variation

24hr urine collection required

Collagen type 1
cross-linked C-
telopeptide

(CTX1)

Type 1 collagen
(isomerisation
to B aspartyl
occurs in
mature
collagen)

Cleaved from type
1 collagen by
cathepsin-K
during bone
resorption

Large circadian variation

Substantial change seen with bone-
targeted treatments and with
fasting

Preferred biomarker for resorption
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Collagen type 1
cross-linked N-
telopeptide

(NTX1)

Type 1 collagen

Cleaved from type
1 collagen by
cathepsin-K
during bone
resorption

Only a small change seen with
feeding

Large circadian variation

Affected by hepatic and renal
dysfunction

Tartrate resistant
acid phosphatase
5b

Enzyme cleaved
by proteases
into isoform b.

Cleaves type 1
collagen into

Circadian variation

Affected by exercise

Present in fragments Very specific to osteoclast activity
(Trap5b)

ruffled border

of osteoclasts
Cathepsin K Protease in Cleaves Specific biomarker of osteoclastic

ruffled border
of resorbing
osteoclasts

telopeptide and
helical regions of
type 1 collagen

activity

Requires further clinical validation
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1.2.7 Regulation of bone turnover

Multiple factors affect the differentiation, maturation, migration and activity of bone.
Key regulators include the receptor activator of nuclear factor kappa (RANK), its ligand
(RANKL) and osteoprotegrin (OPG) 1,

RANK is a transmembrane signalling receptor and a member of the TNF superfamily 123,

It is expressed by osteoclast precursors and mature osteoclasts. The ligand for RANK
(RANKL) is highly expressed by bone marrow stoma cells and osteoblasts 2. The
interaction between RANK/RANKL stimulates the differentiation of osteoclast
precursors and activation of mature osteoclasts 1?°. The interaction between RANK and
RANKL generates anti-apoptotic signals to osteoclasts to promote their survival and
induce osteoclastogenesis 2.

Osteoprotegrin (OPG) is produced by osteoblasts, and acts as a soluble decoy receptor
to RANKL. It competes with RANK for RANKL binding sites to inhibit osteoclast activation
126, OPG expression is downregulated in the presence of bone resorbing factors and
upregulated by bone formation factors such as oestrogen, TGF3, and Wnt pathway
activation 1%/,

Dickkopf 1 (DKK1) is secreted by osteoblasts and osteocytes and inhibits Wnt signalling,
osteoblastogenesis and bone formation 128, DKK1 binds to the LRP5/6 receptor and its
cell surface co-receptor (Kremen-1) and deactivates them. It also inhibits Wnt-mediated
recruitment of mesenchymal cells to the osteoblast lineage and prevents the
Runx2/Osterix interaction required for the maturation of osteoblast precursor cells 28,

Sclerostin is a potent inhibitor of bone formation that is encoded by the SOST gene,
secreted by osteocytes and binds to LRP5/6 on osteoblasts 88<sup>86</sup>. It acts as
a competitive inhibitor; it prevents Wnt from binding to the Frizzled—LRP5/6 receptor
complex and prevents osteoblast differentiation, proliferation and activity ?°. In
humans, sclerostin levels increase with ageing, and in renal impairment. Osteosclerosis
is a rare disorder characterised by a mutation in the SOST gene; affected individuals
have a hyperostotic skeleton that is resistant to fracture and high levels of BTM 1%,

The inhibitory effects of sclerostin and DKK can be neutralized by their respective
antibodies, thus activating the Wnt signalling pathway downstream. These are both
potential targets for drug treatments that promote bone formation. A monoclonal
antibody against sclerostin (romosozumab) is available in some countries, but has not
been approved for use in the UK.
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1.3 Prostate cancer

1.3.1 Epidemiology and survival

Prostate cancer (PC) is the commonest cancer in the United Kingdom (UK) 3! and will
affect 1 in 8 men during their lifetime 132, More than 48,000 men are diagnosed with PC
in the UK each year, itis responsible for almost 12,000 deaths and is the second leading
cause of cancer mortality in men 31, The incidence of PC increases with age; more than
one third of cases occur in those aged over 75 years, and the incidence peaks in those
aged 75-79 years. The incidence has increased by around 40% over the past three
decades; current projections suggest that more than 77,000 new cases will be
diagnosed in the UK in 2035 131,

In addition to age, the other main risk factors for PC are ethnicity (more common in
black African and Afro-Caribbean men) and family history 13313% | Obesity (a body mass

index of >30kg/m?) has been associated with more aggressive and advanced forms of PC
135

Survival rates from PC have improved significantly over the past fifty years. Five and ten
year age-standardised survival rates in the 1970s were 37% and 24% respectively,
whereas current estimates are between 84-85% 31136, This change can be attributed to
multiple factors; population change, patient education and awareness campaigns,
access to prostate specific antigen (PSA) testing, introduction of screening programmes
and advances in hormonal and systemic anticancer treatments. These have all played an
important role in the shift towards greater awareness, earlier diagnosis and increased
cancer-specific survival.

Improved PC survival has shifted the perception of PC amongst many clinicians towards
that of a chronic illness. An estimated 400,000 men in the UK are currently living with or
after PC 132; and therefore the long term consequences of cancer and its treatments are
becoming increasingly important 137,

Population screening for PC is a subject of controversy 38, Autopsy studies have found
that between a third and half of men aged over 70 have PC, which suggests that a
significant proportion of PC is not clinically significant 13%%4°_ Screening may reduce
overall PC mortality, however it risks over-diagnosis and overtreatment, is not currently
recommended in the UK 141142 The risk of clinically significant PC depends upon many
factors and risk calculation tools are available to estimate this 143144,

1.3.2 Referral and clinical management pathway

In the United Kingdom, the NHS has rapid diagnostic and referral pathways for
individuals with suspected cancer. The majority of referrals are from primary care, and
patients are reviewed in clinics where there is rapid access to expert clinicians and
diagnostic investigations. Cancer care is co-ordinated by local site-specific multi-

disciplinary teams (therefore prostate cancer is managed by the urology team
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multidisciplinary meeting). This comprises an administration team, radiologists,
pathologists, urologists, clinical and medical oncologists and specialist nurses. The
ongoing involvement of specialities depends on the cancer stage, the performance
status of a patient, and selection of treatment. The prostate cancer continuum is vast
and there are multiple different management strategies that depend on both patient

factors and, treatment intent.

1.3.3 Diagnosis

PCis suspected on the basis of symptoms, PSA measurement and digital rectal
examination. PSA is a complex tumour marker, it is organ specific but not cancer-
specific 14>14¢_ Important features of PSA include its density (serum PSA level divided by
prostate volume, the higher density the more likely that the PC is clinically significant);
velocity (absolute annual increase in serum PSA); doubling time and the free/total PSA
ratio 14°. Magnetic resonance imaging is the imaging modality of choice, and is
recommended before targeted biopsy 147,148,

1.3.4 Staging and risk stratification

PC is staged using the TNM tumour classification system 14

and biopsy samples are
evaluated using the International Society of Urological Pathology Consensus
recommendations 1*°. The Gleason score is calculated by determining the predominant
pattern of differentiation, which ranges from 1 (well differentiated) to 5. The dominant
pattern gives the primary grade and first part of the score, and the second part of the
score is the secondary grade, these are added to give a total score °°. A Gleason score
of 8 or more is considered high risk, more likely to represent a poorly differentiated and
aggressive tumour. A recent re-grading system has been proposed to limit the number
of grades to 5 >1. A combination of the T stage, PSA level and Gleason score can be

used in risk stratification (table 2) 14>151,

Further staging investigations (cross-sectional imaging and a bone scan) are
recommended in intermediate and high risk PC in men who are suitable for treatment
152,153 Novel imaging methods such as prostate-specific membrane antigen PET-CT may
improve diagnostic accuracy %,

Metastatic PC is associated with an increased cancer-specific mortality (5 year survival
in this group is 49% compared with more than 95% in men without metastatic PC) and
men with visceral metastases have a particularly poor prognosis *>°. Between 17 and
34% of men diagnosed with PC in the UK have metastatic disease at the time of
diagnosis 131, The most common site of metastasis is bone; more than 80% of those with
metastatic disease have bone involvement °6, Other frequent sites of PC metastasis are
lymph nodes, liver, thorax and brain 41>/,
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Table 2: Prostate cancer risk stratification

Localised
Low risk Intermediate risk High risk

PSA <10ng/mL, and 10-20ng/mL or Gleason >20ng/mL or Gleason
Gleason grade 1 and grade 2/3 or cT2b grade 4/5 or cT2c
cT1-2a disease

Locally advanced

Any PSA
Any Gleason grade
¢T3 or T4 or node
positive disease
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1.4 Prostate cancer treatment

The PC continuum is vast, and includes localised PC, locally advanced PC, metastatic
disease, newly diagnosed and recurrent disease, and both hormone sensitive and
resistant disease. The morbidity associated with each treatment strategy can be
significant, and many men will not benefit from curative treatment >%, The
management of PC therefore varies considerably, and treatment decisions are
individualised and evidence based 145152153,

1.4.1 Conservative management

Conservative strategies aim to reduce over-treatment of PC and include watchful
waiting (WW) and active surveillance (AS). AS aims to achieve the correct timing for
curative treatment in those with localised PC and a life expectancy in excess of 10 years
145 1t involves close monitoring until there is evidence of disease progression which
meets pre-defined thresholds *°. WW may be offered to those not suitable for, or
willing to undergo curative treatment, and is carried out until there is evidence of local
or systemic progression, at which point when treatment may be offered 14>1>2,

1.4.2 Curative treatments

Curative management of PC involves either radical prostatectomy or radical
radiotherapy. Large randomised controlled trials (RCTs) have compared the two
approaches in men with localised disease, and results have been mixed 160 162,
Prostatectomy can be performed as an open procedure or by laparoscopic or robotically
assisted laparoscopic techniques 1°3. Radical radiotherapy is offered to men with
localised disease, and is offered along with hormone therapy in those with localised
high risk or locally advanced PC. The gold standard for external beam radiotherapy is
the use of intensity modulated (IMRT) or image guided techniques *°3. Radiotherapy can
be given with neo-adjuvant, concurrent or adjuvant androgen deprivation therapy (ADT,
discussed below) in men with intermediate or high risk localised, or locally advanced
disease 14>152153 Radiotherapy-associated pelvic toxicity can be acute or late, can have
significant impact on quality of life, and includes urinary (dysuria, frequency,
haematuria, retention) gastrointestinal (diarrhoea, rectal bleeding, proctitis) and
general (nausea, malaise) effects 162163,
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1.4.3 Management of metastatic prostate cancer

1.4.3.1 Hormone sensitive disease

Primary ADT is the first line treatment for hormone sensitive metastatic PC ¢4, ADT will
be discussed in detail in section 1.4.4 below. The addition of an antiandrogen to achieve
complete androgen blockade (CAB) may provide a small survival benefit in selected
patients 165166,

Data from large, multi-centre RCTs significantly changed the management of hormone
sensitive metastatic prostate cancer (HSMPC) from 2015. Many men now receive early
treatment with systemic anticancer therapies in addition to ADT.

The CHAARTED study randomised 790 men with metastatic PC to ADT or ADT given
with six cycles of docetaxel (75mg/m? given three weekly within 3 months of ADT
initiation) 7. The combination of chemotherapy and ADT was associated with
improved overall survival (OS); median 57.6 months in the chemotherapy and ADT arm
compared with 44 months ADT arm (HR 0.61 (95% Cl 47-0.80, p<0.001)). STAMPEDE
(Systemic Therapy in Advancing or Metastatic Prostate Cancer: Evaluation of Drug
Efficacy) is a multi-arm, multistage phase Il study designed to test whether the addition
of various treatments to ADT improves OS %8, The addition of chemotherapy to ADT
improved OS compared with ADT alone (60 Vs 45 months, HR 0.76, 95% Cl 0.62-0.92,
p=0.005) in men with metastatic PC. A third study (GETUG-15) found that docetaxel and
ADT improved both PSA and radiographic progression free survival (PFS) compared to
ADT alone, although this did not translate into an OS benefit (HR 1.01, 95% Cl 0.75-1.36,
p =0.955) 169,

Subsequent meta-analysis of these three trials included survival data for 2292 of the
3206 men (93%). The addition of docetaxel to ADT improved OS when data were
combined (HR 0.77, 95% Cl 0.68-0.87 p<0.0001), which resulted in a 9% absolute
improvement in OS at 4 years 7%, Chemotherapy was also associated with improved
failure-free survival (HR0.64 95% Cl 0.58-0.70; p<0.0001) and a 16% reduction in
absolute failure rates after 4 years. These results have been confirmed by further meta-
analysis, and been practice changing °>171172_|n those who are fit for systemic

treatment, docetaxel and ADT has become the standard treatment in men with mHSPC
153

In the era of COVId-19, there has been a shift to use oral anticancer therapies in an
effort to reduce hospital and clinic attendances. An alternative to chemotherapy in the
HSMPC setting is abiraterone acetate. This is converted in vivo to abiraterone, which
inhibits the CYP17A1 complex required for adrenal and testicular androgen synthesis
173 The addition of abiraterone to ADT improves OS compared with ADT alone in men
with mHSPC 174, Most recently, data from the PEACE-1 trial suggest that the
combination of abiraterone, ADT and docetaxel given upfront to men with mHSPC
improves both PFS and OS, compared with standard treatment 7>, Abiraterone may
also have a role in the earlier stages of disease; recent STAMPEDE trial data in men with
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high risk localised PC suggest that the addition of abiraterone for two years after
diagnosis improved metastasis-free, cancer-specific and overall survival when compared
with standard treatment 176,

Enzalutamide is a novel androgen receptor signalling inhibitor *”7. In men with mHSPC,
enzalutamide improves PFS and OS 17817°, Apalutamide is a competitive inhibitor of
androgen signalling, and is the subject of ongoing clinical trials 8,

1.4.3.2 Castration resistant disease

ADT continues when PC becomes castration resistant. Prospective data are lacking but it
is likely that there is a modest benefit from continuing ADT which outweighs the
adverse effects 14>181, Studies of systemic therapies in mCRPC have included men with
ongoing androgen suppression. Discussion of the choice, timing and sequence of
available therapies extends beyond the scope of this thesis, but may include
abiraterone, enzalutamide and docetaxel 182183184185 3nd second line cabazitaxel 186,

Radium-223 is a calcium mimetic that forms a complex with hydroxyapatite in areas of
high bone turn over, and releases energy as a particles that deliver high energy
radiation within a short radius. In the ALSYMPCA trial, men with metastatic bone
disease treated with radium-223 had as a significant improvement in OS compared with
placebo (14.9 vs 11.3months, HR 0.70, p<0.001). Radium was also protective against
fractures and bone complications, improved pain and quality of life 8. On the basis of
these results it gained approval for use in clinical practice. However subsequent data
suggest that the combination of radium and abiraterone may increase the risk of
fracture and negatively affect survival &,

An ongoing trial (EORTC1333/PEACEIIl) is investigating the combination of enzalutamide
and radium-223, and has reported concerning interim data regarding fracture. The
addition of radium-223 to enzalutamide increased the 1-year cumulative fracture rate,
but no fractures occurred when patients started treatment with a bone-protecting
agent before radium-223 administration ¥, The final results may lead to a change in
practice, and the recommendation that all such men with mCRPC receive bone
protection as standard of care.

1.4.4 Androgen deprivation therapy

1.4.4.1 Production and activity of testosterone

PC is a hormone sensitive disease and cells exhibit excess activation of androgen
signalling pathways 121%° Knowledge of androgen synthesis and regulation pathways is
important to frame our understanding of PC treatments. The
hypothalamic—pituitary-gonadal axis regulates the production of testosterone from
Leydig cells in the testes '°1. Gonadotrophin releasing hormone (GnRH) is released in
the hypothalamus and binds to receptors in the anterior pituitary gland which releases
luteinising hormone (LH) and follicle stimulating hormone (FSH) (figure 4). In men, LH
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stimulates the production of testosterone from the Leydig cells in the testes '°1. This
system forms a negative feedback loop when testosterone levels rise (figure 4b). The
testes produce more than 90% of circulating testosterone and the remaining 5-10% is
produced by the adrenal cortex °1. Adrenal testosterone is produced from cholesterol
derivatives such as pregnenolone, 17-hydroxypregnenolone, androstenedione and
dehydroepiandrosterones (DHEA), DHEA and androstenedione can also undergo
aromatisation to oestrogens °1,

Once in the circulation, testosterone is mostly bound to sex hormone binding globulin
(SHBG) and albumin, and only the free form of testosterone (1-2%) can enter prostate
cells 12, Testosterone is transported across the cell membrane and converted by 5a
reductase enzymes into its more potent form 5a-dihydrotestosterone (DHT) 13, DHT
binds to the intracellular androgen receptor with high affinity, this complex is
subsequently translocated into the nucleus to promote the expression of target genes
involved in PC growth and survival 1%,

1.4.4.2 Indications for ADT

The development and initial progression of PC depends upon androgenic stimulation,
and therefore androgen deprivation therapy (ADT) is the mainstay of initial therapy. It is
offered in various clinical scenarios within the PC disease spectrum; to control disease in
men not fit for curative treatment; alongside radiotherapy in men with intermediate,
high risk or locally advanced PC, and in metastatic PC where the disease is initially
hormone sensitive 14>152153  Approximately 40-45% of men with PC will receive ADT at
some stage in their cancer treatment pathway 419,

1.4.4.3 Methods of ADT

ADT is achieved with gonadotrophin-releasing hormone agonists or antagonists, anti-
androgens or surgical castration via bilateral orchiectomy (table 3). ADT is associated
with a rapid fall in serum testosterone levels to castration levels, defined as <20 ng/dL
(although there are historical and clinical trial differences in this definition) 14>1%_ |n
men with advanced PC, initiation of ADT provides a period of remission in around 90%
of patients with a fall in serum PSA **’. However after an average of 2 years the disease
can progress to castration resistant prostate cancer (CRPC), where there is disease
progression despite castration levels of testosterone 721%,


https://en.wikipedia.org/wiki/Dehydroepiandrosterone
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Figure 4: Androgen action and main regulatory pathway

Figure 4(a): Androgen action. Circulating testosterone is mostly bound to sex hormone
binding globulin, although can also be bound to albumin. The remaining 1-2% of
testosterone is free, and can enter prostate cells and undergoes enzymatic conversion
to the active form 5a-dihydrotestosterone (DHT). This is ten times more potent than
testosterone in terms of its ability to activate transcription. DHT binds to the androgen
receptor (AR) in the cytoplasm, which causes it to dissociate from heat shock proteins.
Subsequent phosphorylation and dimerisation of the AR occurs in the cytoplasm before
the ligand-receptor complex translocates into the nucleus. Here, it binds to androgen
response elements in the promoter regions of target genes that are involved in the
growth, survival and production of PC *°3. Image in figure 4a taken from Feldman et al
199, Figure 4(b): Hypothalamic-pituitary-gonadal axis in males. Gonadotrophin releasing
hormone (GnRH) is produced by neurones in the hypothalamus, stimulates the
synthesis and release of luteinizing hormone (LH) and follicle stimulating hormone
(FSH) from the anterior pituitary gland into the circulation. LH acts via receptors on
testicular Leydig cells to regulate the production of testosterone. High levels of
testosterone act as a negative feedback to inhibit further release of GnRH.
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Method Mechanism of action Important features
Surgical Bilateral orchiectomy removes testicular Simple, cheap, irreversible. Rapidly reach castration levels of testosterone (<
castration testosterone production 12hrs) Potential psychological consequences

GnRH agonists
(Leoporelin,
Goserelin)

Target the LHRH receptor in the anterior
pituitary gland. Continuous, non-pulsatile
LHRH agonists stimulate the receptor and
generate a transient surge in testosterone.
After this, there is receptor downregulation
over 2-3 weeks, reduction in LH and
suppression of testicular testosterone
production.

These are given as subcutaneous injection or implant, and are associated with an
initial flare of testosterone (clinical manifestations such as bone pain, acute
bladder outlet obstruction, obstructive renal failure, spinal cord compression,
and hypercoagulation) 2°° . Requires pre- and concurrent treatment with
antiandrogen to minimise the effects of flare, usually for 4-6 weeks in total.
Castration levels of testosterone are reached in 2-4 weeks.

GnRH antagonists
(Degarelix)

Competitively binds to LHRH receptor and
inhibits downstream LH signalling to suppress
testosterone secretion. No initial surge in
testosterone.

Testosterone suppression is achieved in 2-3 days. A loading dose is given, and
monthly subcutaneous injections thereafter. Approved by NICE for use in
advanced PC and spinal metastases- as there is no flare there may be a reduced
risk of spinal cord compression 2°%.

Non-steroidal
antiandrogens
(Bicalutamide,

Block the androgen receptor to reduce effects
of testosterone signalling in the cell. Do not
reduce the level of serum testosterone, and

Used concomitantly with LHRH agonists to reduce the impact of testosterone
flare. Used in combination with an LHRH agonist/antagonist to achieve complete
androgen blockade (CAB) in metastatic PC. Also used in localised PC in those who

Flutamide) are less effective than LHRH therapies in wish to avoid metabolic, sexual and skeletal adverse events associated with other
metastatic PC. forms of ADT 2°2, Bicalutamide shows the most favourable safety and tolerability
profile. All have the potential for significant liver toxicity 4°.
Steroidal Block the androgen receptor to reduce effects | Cyproterone acetate was the first licensed anti-androgen. Important adverse

antiandrogen
(Cyproterone)

of testosterone signalling in the cell

effects are cardiovascular and hepatotoxicity **°.
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1.4.4.4 Adverse effects of ADT

ADT is associated with important adverse effects which can have significant impact
on general health, treatment tolerance, compliance and quality of life.

Bone density and microarchitecture

One of the most important effects of ADT is on bone metabolism. Following
initiation of ADT, serum testosterone and oestrogen levels fall rapidly and
significantly, and reach a nadir within 2-4 weeks. Sex hormone deficiency leads to
loss of bone mineral density (BMD) which is greatest during the first year of ADT. In
general, there is between 5-8% BMD loss over the first 12 months of ADT,
depending on the study methods and skeletal site 2937205206 (table 4 and 5). In
contrast to this, the annual age-related BMD loss is 0.5-1.0% in men, (compared
with 1-2% in postmenopausal women) 207208, ADT-associated bone loss is often
super-imposed on other co-morbid conditions, and often increased age, the
combination of all of these increases the risk of skeletal complications.

There is considerable heterogeneity in published studies that have investigated the
effect of ADT on BMD; in regards to the study size and design, population of men,
length of ADT at the time of comparison, length of follow-up and the skeletal sites
assessed. Data are available from cross sectional and longitudinal studies, and also
from the control arm of intervention studies where ADT/placebo was used as the
control arm. Recent studies are summarised in table 4. Studies that have reported
data for BMD changes observed after 12 months of ADT are shown in table 5.

In addition to early bone loss from ADT, BMD continues to decrease whilst
androgen suppression continues. Loss of BMD ultimately leads to osteopenia and
osteoporosis, and increases the risk of fracture (and associated morbidity and
mortality). In one study of 390 men, the prevalence of osteoporosis was 35% in
hormone naive patients, 43% after 2 years of ADT, and 81% after 10 years 2%. A
recent meta-analysis of 1,394 men with PC on ADT from 13 studies reported the
prevalence of osteoporosis to be between 9 and 53% 21°. This compares with a
prevalence of 4%-37% in hormone naive men with PC 21! and 5-10% in healthy
older men without PC 212213,

The pattern of BMD loss that occurs with ADT seems to differ from other causes of
bone loss, as it is more likely to affect the distal radius most 21421>, The addition of
radius to standard hip and spine BMD measurements classifies a third more men
with PC and on ADT as having osteoporosis than would otherwise be detected 24,
The apparent greater BMD loss at the radius could either be due to artificial
increases at the hip or spine from osteoarthritis, or because the amount of
trabecular bone (with greater remodelling and therefore more susceptible to loss)
at the distal radius increases with ageing 208219219 Unfortunately, many
prospective studies in men receiving ADT for PC have measured BMD at the hip and
spine only, and BMD loss may have been under-estimated.
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Changes in bone microarchitecture also occur as a result of treatment with ADT.
Microarchitectural deterioration is a key determinant of bone strength and an
important consideration in bone quality assessment and fracture risk prediction.
There are many factors in addition to BMD that contribute to the risk of fracture in
the general population (this will be discussed later in more detail), and in men with
PC, the use of standard BMD techniques may lead to as many as 90% of men with
clinical osteoporosis being misclassified 2'7. Recent studies have associated ADT
with increased porosity at cortical bone, trabecularization of cortical bone and loss
of trabecular bone 21>218, When the trabecular bone score was used to assess bone
guality in men with ADT, 43% and 27% had highly and partially degraded
microarchitecture respectively, after 12 months ADT 2%°,

There appears to be an increased risk of fracture as a result of ADT-associated
changes in bone density and strength, although many of the data come from
retrospective analysis 2207222, A study of 50,000 men with PC found that there were
significantly more fractures at all sites in men on ADT compared to controls 5 years
after diagnosis (19.4% Vs 12.6%, p<0.001) 22%. A population-based study compared
6,954 men with PC on ADT with 13,128 men with PC and no ADT and 159,662 age
matched healthy controls 222. Compared to men without PC, the PC ADT group had
an increased risk of any fracture (HR 1.4 95% Cl 1.28-1.53) as well as hip fracture
(HR 1.38 95% Cl 1.20-1.58) and major osteoporotic fracture (HR 1.44 95% Cl 1.28-
1.61), and those with PC not on ADT had no change in their fracture risk. Similar
findings were reported in a previous study of 47,000 men, with an odds ratio for
fracture of 1.7 (1.2-2.5; P < 0.01 ) with ADT, compared with healthy men 224, This
study also found that PCitself (including no ADT) was a risk factor for all fractures
(OR 1.8, 95% Cl 1.6-2.1) and hip fracture (OR 3.7, 95% CI 3.1-4.4).

A large prospective cohort study in 180,000 older men included almost 7,000 with
PC on ADT, and 13,000 with PC not on ADT 223, Almost 11,000 fractures were
identified over 270,300 patient years. Application of multivariate regression
analysis to population registry data found that men treated with ADT were found
to have a significantly increased risk of any fracture (HR 1.40 95% Cl 1.28-1.53), hip
fracture (1.38 (1.20-1.58)) and MOF (1.44 (1.28- 1.61) compared with healthy men
and men with PC not on ADT.

Fractures in men with PC have a negative correlation with survival 22°. Studies have
consistently reported increased mortality compared with men with PC not on ADT,
and with the non-PC age matched population. Men with PC on ADT that experience
hip fracture are more than twice as likely to die than men without PC (HR 2.4 95%ClI
2.29 to 2.60), especially in the first 30 days (HR 5.64, 95% Cl 4.16 to 7.48)%2°,
Fracture at any site within the first 4 years of PC diagnosis significantly impacts
overall survival, and is associated with a 40% increase in mortality compared to no
fracture 2%/,
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Table 4: Studies that have investigated of the effect of ADT on BMD in men with PC published since 2000

Author Study groups and population n Follow-up Significant findings
(year)
Yuasa | Men with PC on ADT and a non- | 201 Cross Men in the ADT group has significantly lower BMD at the LS, FN and TH than
(2009) 228 | ADT group (non-metastatic PC) sectional the hormone naive group (p = 0.08, 0.02 and <0.01 respectively).
Kiratli | Men receiving ADT compared 36 Cross- ADT was associated with lower hip BMD than no ADT (p<0.02). Those who had
(2001)%%° | with those on ADT for 2,4,6,8 sectional not started ADT had similar BMD to age matched healthy controls. Decrease in
and 10 years, and age matched hip BMD correlated with longer duration of ADT and was evident for up to 10
healthy controls years
Morote | Men with non-metastatic PC, a 390 Cross- The prevalence of osteoporosis was 35.5% in hormone naive men, 42.9% after
(2007) 2% | hormone naive group were sectional 2 years ADT, 49.2% after 4 years, 59.5% at 6 years and 80.6% after 10 years.
compared to men who had 2, 4,
6, 8 and 10 years of ADT
Galvdo | Men receiving ADT for PC and 118 Cross The ADT group had significantly lower BMD for all measurements compared to
(2009) 230 | age matched healthy controls sectional the healthy controls; TB (p<0.013), upper limb (p=0.002), lower limb (p=0.013)
and TH (p=0.034)
Stoch | Men with PC on ADT for at least | 157 Cross In men with PC, BMD was significantly lower in ADT group compared with
(2001) ! | 6 months, men with PC not sectional those not receiving ADT, at spine, hip and forearm (p=0.01, p<0.05 and p=
receiving ADT, and age- 0.01, respectively)
matched healthy controls
Basaria | Men with PC receiving ADT for 58 Cross Significantly lower BMD at LS and TB in ADT group compared to no ADT and
(2002) 232 | >12 months, men with PC not sectional healthy control group (p<0.0001 and p=0.03). BMD was inversely related to
the duration of ADT.
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receiving ADT, and age
matched healthy controls

Yamada | Men with PC receiving ADT for 204 Cross BMD at distal radius was significantly lower in the ADT group than healthy
(2008) 233 | at least 3 months, receiving sectional controls (p<0.016).
CAB, a CAB and estramustine
group, and healthy controls
Wang | Men with PC on acute ADT (<6 88 6 months At baseline, TB BMD was significantly lower in the chronic ADT group
(2017) % | months), chronic ADT (>6 compared with former ADT and controls (p=0.03). After 6 months, there was
months), former ADT and no significant loss of BMD at ultradistal forearm in the acute ADT (-4.08%,

ADT (controls) p=0.012) and chronic ADT groups (-2.7% p=0.026). Those in acute ADT group
had a significant reduction in TB BMD (-2.99%, p = 0.032). Former ADT users
had increased LS and FN BMD compared to current ADT users

Galvao | Men with non-metastatic PC 72 36 weeks BMD significantly decreased from baseline at TH (p <0.001), TB (p<0.001), LS
(2008) 2> | receiving ADT, prospective (p<0.001) and in the upper limb (p<0.001)
Lee (2005) | Men with PC who were 65 12 months | BMD loss at TH was 1.9% +-2.7% in all groups of men, (p<0.001 in the group
236 | initiating ADT (65%) or had that had no previous ADT)
been on ADT for median of 18
months (35%)
Poulsen | Men with PC starting ADT, 105 2 years BMD decreased by 2.0% and 4.6% at LS, 2.3% and 5.2% at FN and 2.1% and
(2019)%% | prospective longitudinal study 4.2% at TH after 12 and 24 months respectively. The prevalence of
osteoporosis increased from 10% at baseline to 22% at 2 years
Morote | Prospective longitudinal study 62 2 years ADT was associated with significant loss of BMD over 12 months at all skeletal
(2006) 238 | in men with non-metastatic PC sites measured ranging from 2.29% to 5.55% (p <0.001).
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starting ADT, and age matched

men with PC not receiving ADT.

Preston | Prospective longitudinal study 78 2 years At baseline, only BMD at the distal forearm was significantly different between
(2002)%%° | of men with PC on ADT the two groups; and was lower in the PC group (p=0.003).
compalred BN 1@ il At 24 months, there was greater BMD loss in the ADT group at the distal
COpL forearm (p<0.0005), FN (p<0.0056). TH BMD increased in the control group
(0.8% +-0.5%) and decreased in the ADT group (-7.1% +1.0%, p=0.0018), the
same was true at the LS (+1.1% +-0.6% for controls and -0.2% + 0.8% with ADT,
p=0.079).
Ziaran | Prospective longitudinal study 185 2 years At baseline, the ADT group had lower baseline BMD than controls at the LS
(2013) 2% | of men with locally advanced (p=0.022) and TH (p=.028). After 12 months, BMD loss at the LS and TH were
PC starting ADT compared with significantly greater in the ADT group (p<0.004 and p<0.001 respectively).
age matched healthy controls, After 24 months, there was greater loss of BMD with ADT, at the LS (p<0.001),
TH (p<0.001) and FN (p= 0.37).
Bergstrom | Men with PC starting ADT 38 36 months | After 12 months, BMD loss at FN was 0.037g/cm? in the orchiectomy group
(2016) 2** | (orchiectomy or LHRH (p=0.010), 0.027gcm? in LHRH group (p=0.027), whilst there was a non-
analogue) and healthy controls significant gain in BMD in controls.
Daniell | Men with PC starting ADT, on 26 42 months | FN BMD was higher in healthy men at baseline, compared with men with PC.
(2000) 242 | ADT for 3-5 years, after Following orchiectomy mean BMD at FN decreased by 2.4% and 7.6% at 1 and

orchiectomy and age matched
healthy controls, prospective
longitudinal study

2 years, and after ADT started by 3.4% and 6.5% after 1 and 2 years
respectively. ADT was associated with mean 1.4%-2.6% BMD loss per between
3-8 years of treatment
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Wadhwa
(2009) 243

Prospective longitudinal study
of men with newly diagnosed
PC initiating ADT

618

7 years

At baseline, the prevalence of osteoporosis was 41%. In 124 men with normal
BMD at baseline, 1.2% (p=0.018) was lost after 12 months, 6.5% by 3 years
(p<0.001) and 12.7% by 6 years (p<0.054). Men with osteopenia and
osteoporosis at baseline lost 1.8% (p<0.001) and 0.5% (p=0.362) BMD after 12
months, and 14% and 2.2% after 6 years of ADT (p=0.8 for both).

Key intervention studies where ADT (<12 months) was used as the control arm

Smith | Men with locally advanced or 47 48 weeks Men in the ADT alone group experienced significant BMD loss at 48 weeks,
(2001) 2% | recurrent PC starting ADT. compared with baseline BMD. Mean BMD loss was 3.3% +0.7% at LS 2.1%
Open label study comparing 10.6% at trochanter, 1.8% +0.4% at TH (p<0.0001). Mean BMD at FN did not
ADT alone Vs ADT and change significantly (P=0.87). Mean loss of trabecular BMD at LS in ADT group
pamidronate was 8.5% +1.8% (p<0.001)
Satoh | Men with hormone naive 40 12 months | No difference between groups at baseline. At 6 months there was more
(2009) 2% | metastatic PC starting ADT significant loss in controls compared to zoledronate group, BMD loss at LS
were randomised to receive (4.6% +1.0%, p=0.002) TH (2.2% +0.5% p=0.0025) and femoral neck (0.7% +
zoledronate or placebo 0.1% p 0.0063) in the control group
At 12 months, mean BMD loss was 8.2% + 1.8% at LS (p=0.0004), 4.6% + 1.0%
at TH (p <0.0008) and 1.8% + 0.4% at FN (p=0.039)
Israeli | Men with non-metastatic PC 215 12 months | After 12 months mean BMD in the placebo group significantly decreased at
(2007) 2* | who had started ADT <12 LS and TH (p<0.001% for both) compared to zoledronate group.
months or had recent
orchiectomy, randomised to
zoledronate or placebo
Diamond | Men with metastatic PC treated | 31 12 months | In the CAB/placebo group, mean loss of BMD was 2.3% +0.7% at FN and 3.3%
(2001) 24 | with CAB, randomised to +1.5% loss at trochanter using DXA, and 5.7% +1.6% loss at LS using QCT

receive placebo or
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pamidronate, and compared to
a control group with PC not
receiving ADT

Smith | Men with non-metastatic PC 106 12 months | In the ADT/placebo group BMD decreased from baseline by 2.2% +0.9% at LS
(2003) 24> | starting ADT, randomised to (p=0.012), 2.1% 0.7% at FN (p=0.011), 2.7% +0.8% at trochanter (p=0.001),
receive zoledronate or placebo 2.8% + 0.6% at TH (p=0.001) and 5.7% + 1.4% at non dominant forearm
(p=0.003).
Ryan | Men with non-metastatic PC, 120 12 months | The ADT/placebo group had mean BMD loss of 2.4% at FN (95% ClI 1.0-3.7%,
(2006) 2%¢ | randomised to zoledronate or p=0.006), 2.4% at TH (95% CI 1.5-3.3% p<0.0001) and 2.1% at LS (95% CI 0.5-
placebo. 3.7%, p=0.01).
Ryan | Men with PC, starting ADT or 42 12 months | The ADT/placebo group had mean BMD loss of 3.2% (1.5-5.0%, p< 0.001) at
(2007) ?*’ | had started <12 months, FN, and non-significant loss at the LS of 2.2% (95% Cl 0.6-4.9%, p= 0.12).
randomised to placebo or
zoledronate
Klotz | Men with localised PC starting 186 12 months | The ADT/placebo group had mean BMD loss of 1.89% at LS, 2.06% at TH, and
(2013) 2#8 | ADT, randomised to 1.18% at FN, BMD increased in the alendronate group, the difference between
alendronate or placebo groups was significant (p< 0.0001).
Choo | Men with non-metastatic PC 104 | 1and 2 years | Mean LS BMD loss in ADT/placebo group was 5.77% at 1 year, and 13.55% at 2
(2013) 203 | receiving radiotherapy and years, compared with 0.12% and 0.85% in the risedronate group (p 0.25 and

ADT, randomised to placebo or
risedronate

0.05).

Abbreviations: BMD: bone mineral density; TH: total hip; FN: femoral neck; TB: total body; LS :lumbar spine
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Table 5: Key studies of 12 month areal BMD change associated with ADT

Author (year) Lumbar Total hip Femoral Forearm
spine Neck
Smith (2001) 20 -3.3% -1.8% No change
10.7% 10.4%
Diamond (2001) 2% -5.7% NR -2.3% -
11.6% 10.7%
Smith (2003) 245 -2.2% -2.8% -2.1% -5.7% +
£0.9% | +0.6% +0.7% 1.4%
Ryan (2006) 2% | -2.1% -2.4% -2.4% -
(0.5-3.7%) | (1.5-3.3%) | (1.0%-3.7%)
Ryan (2007) ?*’ | No change NR -3.2% -
(1.5-5.0%)
Bhoopalam (2009)?*° | -3.13% NR NR -
Klotz (2013) 248 -1.89% -2.06% -1.18% -
(SD4.31) | (SD5.71 | (SD 16.5%)
Choo (2013) 203 5.77 NR NR -
+4.66%
Lee (2005) 250 NR -1.9% +- NR -
2.7
Wadhwa (2008) 243 NR NR NR -1.2%
Poulson (2019) 237 2.0% 2.1% 2.3% -
Israeli (2007) 2% | 2.0% 2.1% NR -
Satoh (2009) 206 8.2% + 4.6% + 1.8% + -
1.8% 1.0% 0.4%
*Using QCT NR= Data not reported
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Hot flushes

Hot flushes are caused by ADT via inappropriate stimulation of the hypothalamic
thermoregulatory centre which results in peripheral vasodilatation, and affect
between 40 and 80% of ADT treated men 2> 2°2, There may be a reduction in
frequency and intensity of flushes with the use of antiandrogens, serotonin re-
uptake inhibitors, low dose oestrogen, high dose gabapentin and alternative
thera pies 253,254,255_

Metabolic consequences

256

ADT has been associated with alterations in lipid metabolism “°, insulin resistance

257 and diabetes 2°%2°9260 Metabolic syndrome is more prevalent in men with PC
receiving ADT than PC controls, and may affect half of those treated with long term
ADT 2°%, Diagnosis of metabolic syndrome requires three or more of the following;
waist circumference >102cm, serum triglyceride levels > 1.7mmol/L, blood pressure
>130/80mmHg, high-density lipoprotein (HDL) cholesterol < Immol/L, in addition

to hyperglycaemia or the use of medication to control hyperglycaemia 262,

Body composition

ADT has also been associated with changes in body composition. There is a
progressive decrease in lean body mass and gain in fat mass. This combination of
features is termed sarcopenic obesity, and appears to be more prevalent in ADT-
treated men aged over 70 years 262. A summary of the key studies that have
investigated the effect of ADT on body composition can be seen in table 6.
Sarcopenia is discussed in more detail in chapter two (section 2.1.2). Meta-analysis
reported a mean 7.71% increase in fat mass (95% Cl 4.27%-11.15%) and a 2.82%
reduction in lean mass (95% Cl -3.64 to -2.01%) associated with ADT 23, Changes in
physical performance have also been observed in men receiving ADT using tests of
muscle function and strength 254, Exercise and resistance training programmes may
mitigate the effects of ADT on metabolism and body composition, however
published studies have been limited by their size and design, and results have been
mixed 265,266.

Cardiovascular risk

Cardiovascular morbidity is an important consideration when initiating ADT,
especially in older men. It is the most common cause of mortality in men with PC
and it exceeds cancer-specific mortality 267-268, The association between ADT and
risk of cardiovascular disease and myocardial infarction is controversial, and it is
not clear if the risk is increased by ADT 2°9:269270271 As with all treatments, the risks

and benefits of ADT need to be discussed with individual patients 272,

Fatigue

Clinically significant fatigue affects more than 40% of men that have started ADT
and seems to worsen over time 2’3, Exercise interventions can help to alleviate
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this, and improve quality of life 24 . The UK National Institute for Health and Care
Excellence (NICE) recommend that all men due to start ADT should be offered
access to a 12 week supervised resistance and aerobic exercise programme 3,
Another important cause of fatigue in men receiving ADT is anaemia, although the

degree to which anaemia contributes to fatigue in ADT treated men is unclear.

Neuropsychological

ADT may increase the risk of stroke 260, cognitive impairment, poor visual and
immediate memory, working memory and visuospatial awareness 27>:276:277 |
Between 25-50% of men starting ADT (or a family member) have reported cognitive
difficulties related to the start of ADT 2727°, However, the data vary between
studies, and have included heterogenous populations, have and important design

and methodological differences. 2%,

Changes in mood can include irritability, problems with concentration and
attention or anxiety, along with depressive symptoms such as poor appetite,
insomnia and intrusive thoughts 2’°. One study of men receiving ADT found that
12.8% met clinical criteria for depression 281, However, in the context of an
individual with cancer and with other co-morbid conditions it is difficult to assess
the specific contribution of ADT to mood; there are likely to be multiple factors
involved.

Sexual dysfunction

ADT suppresses serum testosterone which reduces libido and causes erectile
dysfunction in more than 90% of men on ADT, and has significant effects on quality
of life 32282 These effects can be mitigated by using shorter durations of ADT or
intermittent treatment, but these are not recommended when survival may be
compromised 283, NICE guidelines recommend that all men receiving ADT have

access to psychosexual and erectile dysfunction clinics 3.
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Table 6: Key studies of the effect of ADT on body composition

Author Study population and design N Follow-up Main findings
(year)
Smith Men with PC starting ADT 22 3 months | Total fat mass increased by 1.7kg (+9.6kg p<0.008). Lean body mass
(2001) 284 reduced by 1.7kg (+6.0kg p=0.016)
Smith Men with locally advanced PC starting | 25 12 weeks | Mean body fat mass increased by 4.3% (+1.3%) from baseline p=0.002
(2006) 22> | CAB
Boxer Retrospective analysis, men with PC 55 6 months | ADT group experienced gain in % body fat (+9.5% + 0.13% p<0.001) whereas
(2005) 286 | on LHRH-agonist were compared to the control group had a small decrease in % body fat (-3.8% +0.08, p= 0.02).
men without PC ADT group experienced loss of skeletal muscle mass (-2.3kg +0.03kg
p<0.001) and lean mass (-2.1kg +0.03kg p<0.001) with no change in controls
Galvao Longitudinal observational study of 72 36 weeks | Whole body lean mass decreased by 2.4% (+0.4% p<0.01). Total fat mass
(2008) 287 | men with PC on CAB increased by 13.8% (+2.3%, p<0.001)
Smith Longitudinal observational study of 40 48 weeks | Serum testosterone decreased by 96.3% (+0.4% p<0.001). Weight increased
(2002) 28 | men with non-metastatic, locally by 2.4% (+0.8% p=0.005). % body fat mass increased by 9.4% (+- 1.7%
advanced or recurrent PC treated p<0.001). % lean body mass decreased by 2.7% +-0.5% (p<0.001). Increased
with leuprolide subcutaneous abdominal fat (3.9% +1.2% p = 0.003) but not intra-
abdominal fat
Lee (2005) | Prospective observational study of 65 | 12 months | Lean body mass decreased by 2.0% +- 3.3% p<0.001. Fat mass increased by
250 men with PC on ADT 6.6% +- 9.4% p<0.001
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Smith Observational study of men with 26 | 12 months | Fat mass increased by 11.2% (+ 1.5% p<0.001. Lean mass decreased by 3.6%

(2008) 282 | recurrent or locally advanced PC (+0.5% p<0.001). Total abdominal fat area increased by 16.5% (+2.6%
starting leuprolide p<0.001) 94% was due to accumulation of subcutaneous fat

Hamilton | Prospective observational study in 26 | 12 months | Increase in total fat mass +3400g (+870g p<0.001). Loss of total lean mass -

(2010) '8 | men starting ADT 1900g (++50g, p<0.001)

Greenspan | Prospective observational study in 195 | 12 months | Significant changes in body composition only detected in men in the <6
men wit on <6 and > mont group after 12 months. Lean mass reduced by 3.5% (+0.5%

(2005) %0 ith PCon ADT <6 and > 6 h ADT fter 12 hs. L duced by 3.5% (+0.5%
months, no ADT, healthy controls p<0.001) and total body fat increased by 10.4% (£1.7% p<0.001)

Smith Open label study of men with PC on 52 | 12 months | Fat mass increased by 11.1% (+1.3%, p<0.01) with leuprolide and by 6.4%

icalutamide or leuprolide +1.1% p<0.01) with bicalutamide

(2004) 22 | bical id I lid (£1.1% p<0.01) with bical id

Berruti Men with non-metastatic PC starting 35 | 12 months | Total fat mass increased by 19% (p<0.001) and lean mass decreased by 1.9%

(2002) ' | ADT (p<0.001)

Smith Prospective observational study of 79 48 weeks | 1.8% increase in weight (£0.5%, p<0.001) and total fat mass increased by

(2004) 2°2 | men starting ADT 11.0% (+1.7% p<0.001). Lean mass decreased by 3.8% (+0.6%, p<0.001)

Chen Case control study in men with PCon | 109 N/A Men with PC had higher body weight, a higher % body fat (30% Vs 26%

(2005) 23 | ADT and age-matched healthy men p<0.05) compared with healthy controls

Basaria 2°* | Cross sectional study of men on ADT | 58 NA The ADT group had higher fat mass (32.2% +5.4%) compared to the PC and

2002 (>12 months), men with PC not on no ADT group (26.2% +6.0%) and healthy controls (22.4% + 4.1%) p<0.0001

ADT, and age matched healthy men

Abbreviations: CAB: complete androgen blockage
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1.5 Metastatic prostate cancer

The population of men with metastatic PC is heterogenous. It includes men with
newly diagnosed hormone sensitive PC (HSMPC), men with localised or locally
advanced disease which has progressed to castration resistance (CRPC), and those
who have experienced a relapse following curative treatment. Prognosis in the
context of metastatic PC is multifactorial; co-morbid conditions, location and
volume of metastases, performance status, frailty, Gleason score and response to
initial treatment all affect survival. The most common site of PC metastasis is bone,
other frequently involved sites are distant lymph nodes, liver, thorax and brain °¢,

1.5.1 Bone metastases
1.5.1.1 Epidemiology and clinical sequelae

Metastatic bone disease affects 10-20% of men at the time of PC diagnosis, more
than 80% of men with CRPC %°°>, and more than 90% of men who develop
metastatic PC 2°®%57, Bone lesions typically develop in the lumbar spine, ribs, and
pelvis, and their pattern of spread follows the distribution of adult red bone
marrow, and can subsequently progress to involve adjacent cortical bone %°’. The
classic radiological appearance of PC-associated BM is of an osteosclerotic lesion
secondary to osteoblastic bone formation 2%8. Histomorphometric analysis
demonstrates increased bone formation around tumour cell deposits, combined
with unbalanced osteolytic activity and areas of eroded bone surface 2%°.
Biomarkers of bone turnover (both resorption and formation) are increased, their
levels correlate with the degree of skeletal involvement 3°°, Consequent uncoupled
resorption and formation is detrimental to bone strength, and net bone loss
increases the risk of clinical complications 393392, Such complications are known as
skeletal-related events (SREs), and are associated with significant morbidity and
mortality. SREs include; pathological fracture, malignant spinal cord compression
and the need for surgery or radiotherapy to bone 3%. More than half of men with
PC and untreated BM will experience a SRE 30439 the most frequent are the need
for radiotherapy (around two thirds of all SREs) and pathological fracture 306397,
Risk factors for SRE are the number of metastatic sites (more than three), previous

SRE, pain from BM, and disease progression 308310,

SREs have multiple adverse consequences for individuals, such as increased pain,
decreased health-related quality of life (which includes physical, functional, mental
and emotional wellbeing), loss of function and/or independence, a greater
incidence of anxiety and depression and significantly worse survival 22>:311,312,313,
There is also a substantial economic burden from SREs, which arises from increased
health service utilisation (inpatient and outpatient episodes, diagnostic tests), the
need for interventions (radiotherapy, surgery or bone-targeted medications) and
additional care that may be required 306314,
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1.5.1.2 Classification of bone metastases

In general, bone metastases (BM) may be classified as osteolytic, osteoblastic or
mixed, depending on the mechanism of bone remodelling disruption. The bone
remodelling cycle has been described in section 1.2.5; normal bone homeostasis is
maintained by a state of equilibrium between bone formation and resorption, and
regulated by the influence of cytokines and growth factors.

Metastatic PC is usually associated with the development of osteoblastic BM.
Although these BM are predominantly bone-forming, the risk of fracture is increased
as the new bone formed lacks strength. BM with an osteoblastic phenotype may
also be associated with small cell lung cancer and Hodgkin’s lymphoma. Although
the radiographic appearances are of dense and sclerotic bone, there is dysregulation
of both bone formation and resorption. The underlying mechanisms involve
signalling via bone morphogenetic proteins (BMPs) — including BMP2, -4, -6 and -7,
as well as, fibroblast growth factor and TGFB, with the result of osteoblast activation
and their osteogenic differentiation.

Osteolytic BM are associated with destruction of normal bone, and found in
individuals with breast and renal cancers, melanoma, non-small cell lung cancer,
thyroid cancer and Non-Hodgkin’s lymphoma 3'°. Key drivers of osteolytic BM are
cancer cell production of PTHrP, and RANK-L expression, along with reduced
secretion of OPG. In addition, cancer cells that become established in bone release
and upregulate Wnt family members, endothelin-1, BMPs and TGFB to drive the
cycle of bone destruction described below and shown in figure 5.

1.5.1.3 Pathophysiology

The development of metastatic bone disease is a multi-step process, that requires
PC cells to detach from the primary tumour, invade blood or lymphatic vessels,
travel in the circulation to bone and invade and proliferate. At sites of metastasis,
there are a series of complex interactions with bone cells, that promote
colonization of bone by PC cells.

Cancer cell escape and dissemination is a vital step in metastatic progression. PC
cells produce matrix metalloproteinases (MMPs) which degrade the extracellular
matrix proteins and have a role in angiogenesis 310317, Cancer cells penetrate the
basement membrane and invade either blood or lymphatic vessels to escape the
confines of the primary tumour. High levels of MMPs have been observed in
metastatic PC and are associated with worse outcomes 318,

PC cell adhesion and invasion is mediated by the expression of chemokines such as
CXCR4 which facilitate bone invasion via CXCL12 expressed by bone marrow
stromal cells 31°. Chemokines induce MMPs, down-regulate their tissue inhibitors,
and are also important regulators of angiogenesis via interaction with vascular
endothelial growth factor (VEGF) 32, PC cells also highly express protease activated
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receptor 1 which alters the expression of integrin av3 required for PC cell
adhesion to vascular endothelium and for osteoclast-mediated bone resorption 321,
Cadherin-11 is another important adhesion molecule highly expressed in PC BM,
but not found in non-skeletal metastases, and increases cell migration and
invasiveness 322323,

In addition to cell escape, migration and invasion, PC cells must proliferate and
form metastatic deposits via interactions between cancer cells, bone cells and
matrix. Initially proposed by Paget in 1889, the ‘seed and soil’ hypothesis forms the
basis of our current understanding of cancer growth in bone 324, It describes the
preferential interaction between ‘seeds’ (metastatic cancer cells) and the ‘soil’ (the
environment) to facilitate cancer growth and progression3?*. An autocatalytic
‘vicious cycle’ of bone destruction becomes established at sites of metastasis and is
shown in figure 5; PC cells produce proteins such as parathyroid hormone-related
peptide (PTHrP) which up-regulates RANKL and inhibits OPG production by
osteoblasts, leading to osteoclast activation 32>:326,

Accelerated bone resorption and other physical factors within bone (such as
hypoxia and low pH) aids the release of factors that promote PC cell growth,
proliferation and survival (figure 5) 326, There is also simultaneous upregulation of
PC cell expression of osteoblast stimulatory factors, those that directly affect
osteoblast function (such as platelet-derived growth factor (PDGF),fibroblast
growth factor (FGF), insulin-like growth factor-1 (IGF1), bone morphogenic proteins
(BMPs), TGF-B and Wnt) and those that affect osteoblast function indirectly
through modification of the bone microenvironment, such as VEGF and endothelin
1327328 Qsteoblast stimulatory factors are frequently elevated in men with PC and
metastatic bone disease 32326, Two other important PC-specific growth factors are
prostate-specific antigen (PSA) and urokinase plasminogen activator (uPA), which
are both serine proteases produced by PC cells 330,331,332

Other factors in the bone microenvironment contribute to PC metastasis. PC cells
release exosomes which are small membrane-enclosed vesicles containing mRNA,
micro-RNA and DNA, which mediate intercellular communication during the
formation of bone metastasis 333334, Specific miRNAs isolated from PC cells increase
OPG/RANKL expression, upregulate MMPs and promote metastatic colonisation 33°,
Hypoxic signalling in the bone microenvironment is mediated by hypoxia-inducible
factor 1 (HIF1), which enhances the invasive potential of cancer cells 336, HIF-1
results in the transcription of hypoxia response genes involved in angiogenesis,
cancer cell apoptosis and production of growth factors and cytokines; cancer cells
are able to thrive under such conditions 337, Extracellular pH in bone is important;
acidification facilitates osteoclast absorption and increases secretion of proteins
that degrade the ECM such as cathepsin and MMPs, which promote metastasis 33,
Metastatic cancer cells produce lactic acid to create an acidotic bone compartment
that favours their colonisation and progression.
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Figure 5: The ‘vicious cycle’ of prostate cancer cell bone metastases

Tumour cells migrate to bone and survive under the influence of factors such as;
MMPs, chemokine receptor 4 (CXCR4), vascular endothelial growth factor (VEGF),
and connective tissue growth factor. Physical factors within the bone
microenvironment activate PC cell expression of osteoblast stimulatory factors
(VEGF, ET-1, BMPs, PDGF). PC cells also produce osteoclast stimulatory factors
(PTHrP, TGFB 1) that act via increased production of RANKL by osteoblasts,
lymphocytes and stromal cells. Activation of bone resorption releases a host of
bone-derived growth factors that are usually immobilised in bone, and promotes

prostate cancer cell growth and survival. Image reproduced from Guise et al 326,
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1.6 Management of bone health in men with PC

There are three significant insults to bone health in men with PC. Cancer
treatment-induced bone loss (CTIBL) is associated with ADT and increases the risk
of osteoporosis and fracture. GCs are used alongside chemotherapy and adversely
affect bone. Metastatic bone disease in some men predisposes men to SREs and
their associated morbidity and mortality.

1.6.1 Lifestyle modifications

Despite the potential adverse consequences of ADT for bone health, evidence
suggests that many patients have limited knowledge of osteoporosis, and are not
actively engaged in taking measures to optimise their bone health 339340, Guidance
for the monitoring and management of CTIBL in men with PC has been published
by various expert groups and societies, although there is variation in the specific
recommendations 341,:342343,344,345153 A recent survey of clinicians suggests that
adherence to guidelines and knowledge and awareness of CTIBL remains sub-
optimal 346,

Men with PC should consider lifestyle changes such as smoking cessation and
reduction in alcohol intake to optimise their bone health 3*’. Vitamin deficiency or
insufficiency are common, and calcium and vitamin D supplementation may reduce
bone loss, and is associated with a reduction in falls and fractures in non-cancer
populations. Supplementation with calcium and vitamin D has been included in the
control arm of intervention studies investigating CTIBL. However a review of 12 PC
studies found that men receiving supplements at current recommended doses
(500—-1,000 mg calcium and 200-500 IU vitamin D per day) continue to lose bone,
suggesting that these doses are insufficient to prevent bone loss 3. Further studies
are needed to determine the safety and efficacy of higher doses in this population.

Exercise can mitigate adverse effects of ADT such as fatigue, low mood, impaired
cognition, increased fat mass and sarcopenia 3*°-3>1, Sarcopenia is a particular
problem in the PC patient population receiving ADT, as it increases the risk of falls
on a background of pre-existing and acquired low BMD 262352, ADT has also been
associated with frailty which is predictive of hospitalization, development of
disability, and falls 3°33>%, Regular weight bearing exercise is recommended in all
men with PC receiving ADT; in the UK, NICE guidelines recommend a supervised 12
week aerobic exercise programme for all men in this situation 3*°.

There is clear evidence to support the benefit of exercise training in ADT-treated
men. Combined resistance and aerobic exercise is advocated by national and
international guidance 73>, However, there is a lack of evidence to suggest that
routine referral and participation is standard practice, and a lack of clarity of how
best to embed exercise referral pathways into standard PC care 3°¢. The STAMINA

trial was designed to investigate the acceptability and feasibility of incorporating
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supervised exercise into NHS pathways. Despite the effects of the covid-19
pandemic, supervised exercise was acceptable to patients and clinicians, and had a
positive impact on lifestyle and physical measures 3°’. The ongoing trial aims to
determine both the clinical efficacy and economic impact of an adapted exercise

intervention in ADT-treated men 38,

1.6.2 Bone-targeted treatments

Bone targeted treatments vary in their mechanism of action and their pattern of
activity. They have two main indications; for the prevention of CTIBL, and to reduce
the risk of skeletal related events. The dose intensities and scheduling in men with
PC are different to those used to treat metabolic bone disorders.

1.6.2.1 Bisphosphonates

Bisphosphonates (BP) are pyrophosphate analogues that have a high affinity for
mineralised bone matrix. They bind selectively to hydroxyapatite at sites of active
bone metabolism, and are released and internalised by osteoclasts during bone
resorption 3°°. Their mechanism of action depends upon their nitrogen content,
which is associated with higher potency. Non-nitrogen containing BP (such as
clodronate) act as metabolized cytotoxic molecules in the osteoclast, which leads
to osteoclast apoptosis 3°°. Nitrogen containing BP include zoledronate,
ibandronate and pamidronate, which inhibit the enzyme farnesyl diphosphonate
synthase 30, This impairs the ability of the osteoclast to bind to bone, to maintain
its characteristic brush border and to acidify bone, which compromises bone
resorption. BP vary in their action at skeletal sites depending on the affinity with
which they bind hydroxyapatite. Some are more effective at the spine than the hip,
and their impact on cortical and trabecular bone differs 360:361,362,

Studies have investigated the role of BP in the prevention of CTIBL in ADT-treated
men. When compared to placebo, zoledronate improves BMD at the lumbar spine
and hip after 12 months of ADT, and is also associated with a reduction in

BTM 244245363 However meta-analysis of published data has been limited by
heterogeneity in study design, populations and follow-up, and studies have been
underpowered to detect clinically important endpoints (such as fracture). No BP
are currently approved for the prevention of CTIBL in men with PC.

Zoledronate may also reduce the risk of SREs in men with metastatic PC. In men
with CRPC and bone pain, there was a 36% reduction in SRE incidence (p=0.002)
and time to first SRE (p=0.009) with zoledronate compared with placebo, and a
reduction in bone pain 3%, However in the HSMPC setting, zoledronate does not
appear to affect bone endpoints or survival 36435, In the UK, NICE PC guidelines
suggest that zoledronate can be considered in men with mCRPC to minimise risk of
SRE or treat pain , however, stronger recommendations were not made due to a
lack of evidence of survival benefit %3,
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BPs are usually fairly well tolerated. Adverse effects include flu like symptoms,
gastrointestinal disturbance, hypocalcaemia, atypical fracture and osteonecrosis of
the jaw (ONJ) 3%, The risk of ONJ depends upon the dose used (higher doses are
used to prevent SREs than to treat metabolic bone disorders), the frequency and
duration of BP and dental factors. ONJ affects up to 6% of men with PC receiving
BP, and guidelines recommend dental assessment and intervention before BP are
initiated and good dental hygiene throughout treatment 367:368,369,

1.6.2.2 Denosumab

Denosumab is a monoclonal antibody that is specific to RANKL and inhibits
osteoclast activity. In contrast to BPs it is not incorporated into bone matrix and
bone turnover is not suppressed after its cessation. As a consequence, treatment
cessation increases the risk of rebound fractures. Other adverse effects include
hypocalcaemia and ONJ. Compared with placebo, denosumab significantly
increased BMD at all skeletal sites and reduced the incidence of vertebral fractures
in ADT-treated men with non-metastatic PC 22137, |t is currently NICE-approved for
the prevention of CTIBL in men with PC. Denosumab may also be used in men with
metastatic PC to delay the time to SRE; a large phase lll trial found denosumab was
superior to zolendronic acid in delaying the median time to first SRE (20.7 months
Vs 17.1 months, p=0.0002) 371,

1.6.2.3 Other therapies

Selective oestrogen receptor modulators may improve BMD in men receiving ADT
372373 'however they are not recommended for use due to safety concerns. Men
with CRMPC and symptomatic BM may also be treated with Radium-223 (described
previously) as monotherapy or in combination with ADT 87, The other main
management options for those with bone pain include palliative radiotherapy and
opiate-based analgesia.
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1.7 Osteoporosis

1.7.1 Epidemiology

Osteoporosis is a major health, social and economic concern. It is defined by the
WHO as ‘a progressive systemic skeletal disease characterised by low bone mass
and microarchitectural deterioration of bone tissue, with a consequent increase in
bone fragility and susceptibility to fracture’ 374, Fragility fractures result from low
energy mechanical forces that would not ordinarily cause fracture. Osteoporosis is
responsible for 9 million fractures annually worldwide3’®> and more than 300,000
fractures in the UK each year 376, More than 30% of women and 20% of men in the
UK will sustain an osteoporotic fracture in their lifetime 377, which has a projected
annual cost to the NHS of £2.2 billion by 2025 378, Approximately one third of all
osteoporotic fractures occur in men, who have an estimated lifetime risk of
between 10% and 25%.

The most common sites of fracture are the vertebral bodies, distal radius, proximal
femur and humerus. Hip fractures account for more than 20% of UK orthopaedic
inpatient beds 377, They are associated with loss of independence (almost half will
be unable to live independently) and significant mortality (20% at 1 year) 37°.
Vertebral fractures are important as they are the commonest fracture associated
with skeletal fragility, and are associated with significant morbidity, mortality and
other adverse health outcomes 380381,

1.7.2 Aetiology and risk factors

In all individuals with osteoprosis, there is an imbalance in bone resorption and
formation with a greater increase in resorption and net bone loss. Risk factors for
primary osteoporosis include; increased age, female sex, white or asian race, low
BMI, family history of osteoporotic fracture, early menopause, sedentary lifestyle,
excessive alcohol, caffeine and tobacco use, and low calcium and/or vitamin D
intake 382, Secondary osteoporosis arises as a consequence of disordered endocrine
or metabolism (for example hypogonadism and hyperthyrodism), malabsorption,
rheumatoid arthritis, renal impairment, and certain medications (such as
glucocorticids, antiepileptics, and ADT) 38, Fracture risk assessment tools are
widely used, and will be described later.

Glucocortcoids (GCs) are the commonest cause of secondary osteoporosis 323, Long
term GC therapy is used to treat a range of systemic conditions in 1-2% of the
population, and GC are also used in men with metastatic PC treated with systemic
anticancer therapies 38438, During chemotherapy, the usual dose is 10mg
prednisolone per day (in addition to intravenous dexamethasone on the day of
chemotherapy) for up to 6 months. Continuous oral GCs causes rapid bone loss
and a significantly increased fracture risk. This occurs shortly after initiation of GC
therapy (within 3—6 months), is dose-related and remains elevated for the duration
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of therapy 386387, The effects of intravenous and inhaled steroids are less clear.
Osteoporosis associated with GC use is characterised by an early transient increase
in bone resorption followed by decreased bone formation. In addition to loss of
BMD, microarchitectural changes include loss of cortical thickness, increased
trabecular separation and reduced number, and a reduction in bone stiffness 383388,

Underlying mechanisms involve the upregulation of peroxisome proliferator-
activated receptor gamma receptor 2 which directs precursor cells away from the
osteoblast lineage, and effects on the Wnt/Bcatenin signalling pathway 38330,
Sclerostin expression is increased with GC use. Deficiency or inhibition of sclerostin
can maintain bone mass and integrity, even in conditions of GC excess 3°1. GCs also
have direct effects on bone resorption, increasing the number and activity of
osteoclasts 323, The underlying condition for which long-term GCs are required may
also have indirect effects on bone via chronic inflammation and pro-resorption
cytokines. In addition to effects on bone, GCs also have adverse effects on muscle
mass and function, leading to sarcopenia and an increased risk of falls 3°2,

1.7.3 The role of androgens and oestrogens in bone homeostasis

Androgens have direct effects on bone cells via the androgen receptor (AR), and
indirect effects through aromatase-mediated conversion to oestrogen. Most of our
knowledge of the effect of sex steroids on bone comes from studies in animal
models. Caution is required in the application of results to humans for several
reasons. Murine models lack SHBG which is a key regulator of the availability of
free testosterone 3%, and may also permit greater fluctuations in sex hormone
levels 3%* . Mice also have relatively lower levels of free oestrogen than humans,
and orchiectomy- based models may result in the loss of other hormones required
for bone such as inhibin A 39>:3%,

However, despite the limitations, mouse cell lines have provided important insights
into the role of testosterone in bone by generating cell line-specific knockouts of
aromatase enzyme and AR. In osteoblasts, AR-mediated testosterone signalling is
important in trabecular but not cortical bone formation; loss of the AR decreased
trabecular number and bone mass, and increased in trabecular separation, but did
not affect cortical parameters 397:3%, The direct role of testosterone in osteoclasts
is less well established 3°®. In osteocytes, AR are upregulated with increasing
osteocyte differentiation, and AR knockout results in a deterioration of trabecular

microarchitecture 3%°

. In human studies, those with androgen insensitivity
syndrome (a partial or total lack of AR signalling) have a characteristic reduction in

BMD that occurs regardless of oestrogen replacement 400401,

The indirect effects of testosterone (from aromatisation to oestrogen) have been
determined through the overexpression of aromatase in mouse models. This has
been found to increase trabecular and cortical BMD, cortical thickness and a
reduction in both osteoclast number and activity %2, In humans, aromatase
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deficiency frequently presents with osteopenia or osteoporosis, and inhibition of
aromatase is associated with low BMD 4%,

In humans with sex steroid deficiency, oestrogen appears to play a greater role
than testosterone in the suppression of bone resorption, and this may be
independent of FSH secretion %%%. The effects of oestrogen on bone resorption may
be mediated via regulation of RANKL production by osteoblasts. Serum
testosterone and oestrogen may also have differential effects on the mechanisms
involved bone resorption; such as their ability to prevent increases in collagen
degradation products, and effect on osteoclast-specific enzymes.

Large population based studies have sought to determine the relationship between
circulating androgens and oestrogens, BMD and fracture risk. The osteoporotic
fractures in men (MrOS) study included cohorts of men aged over 65 in Sweden,
United States and Hong Kong with a spectrum of hypogonadal states. Low serum
oestrogen was associated with low BMD and increased risk of fracture 4%. Higher
SHBG levels were also associated with an increased fracture risk (but did not affect
BMD). Men with reduced serum free testosterone had an increased risk of
fracture, however did not have an overall reduction in BMD #%. Overall, the men
with the highest risk of fracture had a combination of low free testosterone, low
oestrogen and high SHBG “%7. These findings were confirmed when hypogonadal
men in the Framingham study were compared to eugonadal men. Men with the
highest oestradiol levels had the highest BMD, and those with the lowest oestradiol
levels had the highest risk of hip fracture 4%8, Other studies have reported similar
results, although notably the Dubbo study found that it was testosterone rather
than oestrogen that increased the fracture risk, particularly at the hip 4%, Although
testosterone appears to be less important than oestrogen in BMD, it has an
independent contribution to male muscle strength and physical performance.
Reduced testosterone has been associated with falls in older men which is another
component of overall fracture risk 40,

1.7.4 Osteoporosis in men

In early adult life, fractures are more common in men than women, and are mostly
traumatic #!1. A major determinant of bone mass in later life is peak bone mass,
which is usually achieved by the end of the third decade 4'2. Genetic factors
account for over half of the variability in peak bone mass, and other important
influences are the timing of, and hormonal changes associated with puberty and
lifestyle factors 43414, When peak bone mass is achieved, men have larger bone
size, bone density and cortical bone mass than women.

Ageing is associated with altered bone turnover and an increase in resorption
relative to formation with net BMD loss #°. In men, 1% of BMD is lost per year
following the attainment of peak bone mass (from around the age of 40) 416417 |

and the most rapid decline in BMD occurs in men aged 74 - 79 years 418,
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Compared with age-matched women, bone resorption is less rapid in older men,
although smoking and weight loss can cause significant acceleration of this in both
413 Physical changes in bone size and shape are thought to account for some of the
gender differences in bone strength. In both men and women, there is increased
bone resorption at the endocortical surface, an increase in periosteal bone
deposition and circumference and loss of cortical thickness 34420, Periosteal
apposition is greater in men than women, which offsets endosteal bone loss to a
greater extent and ultimately reduces the stress applied to bone 4?1422,

In addition to BMD loss and changes in bone size and shape, bone strength is
compromised by age-related microarchitecture deterioration. In general, cortical
porosity increases, there is trabecularisation of cortical bone and decreased
trabecular thickness #1423, Men and women experience different patterns of
microarchitectural change #* . In men, reduced bone formation predominates and
there is trabecular thinning, but their number and connectivity remain fairly
constant #24. In women, bone resorption is greater, and there is loss of both
trabecular number and connectivity, which have a greater overall impact on bone
strength 42,

Age-related bone loss can also be accelerated by endocrine factors. A decline in sex
steroid levels is associated with age, partly due to an increase in SHBG #%%4%7_ Free
testosterone and oestradiol both help to maintain normal bone turnover 4%, and
oestrogen seems to be the more potent inhibitor of bone resorption 4%°. This is
supported by treatment of older men with androgen supplements, which do not
increase BMD %39, The risk of fracture in men has been strongly associated with
serum oestrogen levels 4%,

Bone loss may also occur due to age-related decreases in growth hormone and IGF-
1 production #31, IGF-1 drives of long bone growth and periosteal apposition and
the serum concentration is positively associated with BMD 432433, Older men are
also more likely to have renal impairment, vitamin D insufficiency and reduced
gastrointestinal calcium absorption, all of which elevate PTH and increase
resorption 434435,

1.7.5 Diagnosis

The WHO classification for osteoporosis is based upon bone mineral density (BMD)
measurement in postmenopausal women using dual X-ray absorptiometry (DXA).
Comparison of an individual patient BMD to the peak bone mass in young adults
results in a standard deviation measurement known as the T score. Osteoporosis is
defined as a T score of <25 and osteopenia (low bone mass) as a BMD T score
between —1.0 and -2.5 *3®. The same diagnostic criteria are used in men, as there
is evidence to suggest that fracture risk is the same as in women, given the same
BMD and age #3738, The T score diagnostic criteria for osteoporosis recognises the
importance of BMD in the pathogenesis of fracture, and provide a framework for
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use in epidemiological studies. There is strong correlation between BMD and the
risk of fracture. For every reduction of 1 SD there is a 1.5-2 times increase in the
risk of fracture #3440, However BMD cannot be used in isolation, as many fragility
fractures occur in individuals with normal BMD 449441442 Clinical factors have been
incorporated into fracture risk assessment tools (used with or without BMD data)
to determine the probability of fracture.

1.7.6 Fracture risk assessment

The most widely studied tool recommended by many clinical guidelines is the
Fracture Risk Assessment Tool (FRAX) 443 . FRAX is based upon data from 12
prospectively studied population-based cohorts from Europe, Australia, Canada,
the USA and Japan. Extensive follow-up included 250,000 patient years and
approximately 5,000 fractures in over 60,000 men and women 4%, In contrast to
other fracture risk calculators, FRAX can be directly calibrated to measure fracture
incidence in a target population, and considers death as a competing risk 4. The
FRAX website for each country has a link to national guidelines for the
management of osteoporosis, for example the UK website links to the National
Osteoporosis Guideline Group (NOGG) 446447,

An example case is shown in figure 6. Risk factors in the FRAX algorithm include;
age, sex, weight, height, previous fracture, parental hip fracture, smoking, GCs,
rheumatoid arthritis, secondary osteoporosis and alcohol intake, and it is
applicable to people aged 40-90 years. FRAX estimates the 10-year probability of
major osteoporotic fracture (MOF; a composite of hip, spine, forearm and proximal
humerus fracture) and hip fracture.

Assessment of fracture risk provides probability data, and intervention thresholds
(ITs) determine the appropriate management. This may be a recommendation for
BMD assessment (if this has not been done), or for treatment to be initiated. ITs
vary between populations, and depend upon the prevalence of risk factors,
fracture incidence, healthcare resources and access to BMD testing 44, As with all
medical interventions, the efficacy of treatment must be balanced with its adverse
effects, as well as the risks associated with non-intervention. The economic impact
of intervention is also key; NICE uses the EQ5D to determine the number and cost
of each quality adjusted life year (QALY) that is gained from an intervention, and to
determine its cost effectiveness 448449,

UK NOGG guidance recommends that FRAX is used without BMD to estimate
fracture risk (figure 7a) 4*’. Individuals at high risk are offered treatment, those
with an intermediate risk undergo BMD assessment to refine their risk (figure 7b).
This approach reduced hip fractures by 28% in the SCOOP study #°°, and
significantly reduced fractures in women identified by FRAX as intermediate or high
risk 4°1. It has also been found to be cost effective %°2. The evidence in men is
limited, but NOGG recommend that fracture risk is assessed in all those aged over
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50 with fracture risk factors. The NOGG IT for osteoporosis treatment equates to a
woman aged over 50 with a previous fragility fracture (where treatment without
BMD assessment is cost effective), and the same threshold applies to men.

Important limitations of FRAX are that it does not incorporate the risk of falls (falls
predict subsequent fracture independently of FRAX) #°3 or frailty markers #>44>,
Assessment of BMD as a surrogate for bone strength does not identify individuals
with normal BMD but abnormal bone geometry or microarchitecture. Novel
techniques are the subject of ongoing investigation and may be used in the future
to enhance risk assessment. One recent development is the use of the trabecular
bone score (TBS; a measure of texture derived from DXA of the spine) to refine
FRAX output 48,

1.7.7 Fracture risk assessment in men with prostate cancer

Men with PC are at increased risk of fracture compared with the general
population, and ADT increases this risk further 47, Published consensus guidance
recommends that all men starting ADT undergo FRAX risk assessment and
subsequent BMD measurement and treatment if indicated 34°. NICE guidance for
PC recommends that fracture risk is considered in all men. However there are no
specific recommendations regarding the method of assessment, the timing in
relation to ADT initiation or duration, or where the responsibility for undertaking
this assessment lies 1°3.

A small number of studies have reported fracture risk in men with PC treated with
ADT, and these are summarised in table 7. In general, the use of FRAX identified a
large number of individuals at risk of fracture, than would otherwise have been
identified by an isolated BMD measurement 4°84594%0_ Some evidence suggests that
FRAX identifies a different group of men at risk of fracture to those withalow T
score #®1, In general, fracture risk in men with PC undergoing ADT is strongly
associated with age, and a significant proportion of men have a risk of hip fracture
that is sufficient to warrant intervention 4624°8-460,462-464 Ljo\wever, most data are
derived from relatively small cross sectional and retrospective studies in specific
populations, and there is a lack of prospective data from randomised studies
regarding fracture endpoints.
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Calculation Tool

Please answer the questions below to calculate the ten year probability of fracture with BMD

Algorithms
are available — Country: UK Namey/ID: About the risk factors
for over 60
countries Questlonnalre: 10. Secondary osteoporosis ® No Yes
1. Age (between 40 and 90 years) or Date of Birth 11. Alcohol 3 or more units/day ®no Yes
Age: Date of Birth:

12. Femoral neck BMD (g/cm?)

70 Y: M;: D: If available, BMD

2 s Oroe Orempe | SFOCBMD v {mmmmm— ata can be

entered here

3. Weight (kg) 70 Clear || Calculate

4. Height (cm) 180

5. Previous Fracture ®no Oves

6. Parent Fractured Hip ®nNo Yes

7. Current Smoking ® no Yes HMajor osteoporotic - 10 year risk of

o Glumcortionds Sne Ovee Hip Fracture . fracture is shown

i here
. Rheumatoid arthritis ®@No Oves View NOGG Guidance

w0

Link to management guidance
depending on country selected

Figure 6: The FRAX fracture risk assessment tool.

A screenshot showing the freely available online tool
(https://www.sheffield.ac.uk/FRAX/tool.aspx?country=9). Fracture risk is shown when

calculated in a 70-year old male with no other fracture risk factors (no BMD data included).


https://www.sheffield.ac.uk/FRAX/tool.aspx?country=9
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Figure 7: Assessment of fracture risk and intervention thresholds

Images obtained from https://www.sheffield.ac.uk/FRAX/tool.aspx?country=9.
Figure 7a: algorithm for the use of clinical risk factors (CRFs) and bone mineral
density. Figure 7b: NOGG guidance for the management of osteoporosis: based upon
10-year risk of major osteoporotic fracture. The dotted line shows the intervention
threshold (the probability at which intervention is recommended). The orange
shaded area shows the limits of fracture probabilities for the assessment of BMD
(BMD assessment thresholds). Figure 7c: FRAX® intervention thresholds once BMD
has been measured 443,
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and reassure
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Table 7: Summary of studies that have used FRAX to determine the fracture risk in ADT-treated men

Brown | Men with metastatic or high FRAX with CRF | 34.8% were at intermediate/ high risk of fracture and required BMD assessment
(2019) 46> risk PC starting ADT
Saylor | Cross sectional study in men FRAX with CRF, | Risk of hip fracture was 3.1%, risk of MOF was 12%. 51.2% of men had a risk of
(2010) 48 with PC receiving ADT and FRAX with | hip fracture above the IT.
ED If ADT was excluded as a risk factor for secondary osteoporosis, 32.8% of men
exceeded the IT and hip fracture risk was 1.8%.
In men that had BMD measured, hip fracture risk was 0.9%, 15% of men
exceeded IT. In this group, the FRAX risk of hip fracture without BMD was 2.4%,
and 44% required treatment.
Fracture risk and need for treatment was strongly influenced by increasing age
Adler | Cross-sectional study in men FRAX with and FRAX with BMD: risk of hip fracture was 1.6%, risk of MOF was 8.0%
461 HYH _ .
(2010) receving ADT for non without BMD FRAX without BMD: risk of hip fracture was 3.8% and MOF was 12.3%
metastatic PC
Neubecker | Retrospective study of men FRAX with and 22 men had VF, 17 of these were asymptomatic. Of these 22 men, only 59%
(2011) 4° | with PC receiving ADT or about without BMD would have been above the IT based on FRAX with BMD, and 73% when FRAX
to start ADT, with reported was used with BMD.
height loss Hip fracture risk using BMD was 3% and 4.5% in those without/with VF, without
BMD was 4% and 6.8% in those with/without VF.
MOF risk using BMD was 7.5% and 11% in those without/with VF, risk without
BMD was 9.3% and 15% in those with/without VF
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Dhanapal | Retrospective review of men FRAX without Risk of MOF increased from 4% to 5.6% after starting ADT, and hip fracture risk
(2011) 464 with PC receiving ADT BMD increased from 1.3% to 2.2%.
Compliance with guidelines was poor; 9% of those requiring BMD assessment
had a DXA, <5% were started on calcium and Vitamin D supplements
James Men with PC receiving ADT FRAX without FRAX without BMD identified 61.6% as being above the IT, risk of hip fracture
(2014) 40 BMD for all was 4.0% and risk of MOF was 10%.
FRAX with BMD in | FRAX with and without BMD identified 46.8% and 69.1% as requiring treatment
94 men respectively, compared with only 19% when T score was used in isolation.
Kawahara | Cross sectional, men with PC FRAX without Median risk of hip fracture was 2.7% and MOF was 7.9%, 52.7% had a hip
(2016) 466 receiving ADT, or had BMD fracture risk above the IT and 4% had a >20% risk of MOF
brachytherapy/ra(;llo:}her:apy ADT was associated with significantly higher risk of MOF and hip fracture
or surgery,'some(.) which was (p<0.001 for both)
combined with ADT
Ojeda | Prospective study in men with FRAX with BMD | Baseline fracture risk was 4% and 0.7% for MOF and hip fracture respectively.
(2017) 4¢7 high risk PC receiving ADT 4% had hip fracture risk above the IT
Miyawaza Men with PC starting ADT FRAX without Baseline risk of any fracture was 23%
(2018) 463 BMD . . . .
Risk of hip and MOF were 3.6% and 9.6%
Kojima Men with PC receiving ADT FRAX with BMD | 55% had a T score of <-1.0. 23% had a >20% risk of MOF.
(2019) 462

97% had a risk of hip fracture above the IT

Abbreviations: MOF: major osteoporotic fracture; BMD: bone mineral density; IT: intervention threshold; VF: vertebral fracture
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1.7.8 Management of osteoporosis in men

Over the last two decades there has been significant progress in the management
of osteoporosis. National and international guidelines are available, risk assessment
tools and treatment algorithms guide management, and bone targeted therapies
are widely used. However data suggest that osteoporosis remains both under-
diagnosed and under-treated, even after a fragility fracture, and that this is
especially true in men 468469470471 The ‘osteoporosis treatment gap’ was
highlighted in a recent study, where BMD was measured in just 9% of 2.3 million
individuals who experienced a fracture #2. Of these, 307,000 had a subsequent
fracture, with a $6.3 billion associated cost. A UK study of 27,542 individuals who
had a first hip fracture found that 68% did not receive osteoporosis medication in
the 6 months prior to, or in the year after fracture #’1.

Evidence based lifestyle measures to improve bone health have been incorporated
into UK NOGG guidance *¥’. These have been discussed previously, and include
regular weight-bearing exercise, smoking cessation, a reduction in alcohol intake,
and assessment and reduction of the risk of falls.

The safety and efficacy of pharmacological treatments on BMD and BTM appear to
be similar in men and women 473, However, the evidence base in men is limited and
few studies have evaluated fracture risk in response to treatment. The indications
for therapy in male osteoporosis are the same as those for women; those aged
over 50 with a fragility fracture of the hip or spine, in those with osteopenia or

osteoporosis, and in those with a high risk of fracture based on risk assessment
447,473

Bisphosphonates (BPs) are the commonest prescribed therapy for osteoporosis. In
2018, 120 BP prescriptions were generated per 1000 population in the UK 474, A
range of BPs (including oral and intravenous therapies) have improved BMD and
reduced fracture risk in men with osteoporosis, 4>476477 hypogonadal men 4’8 and
in androgen suppressed men with PC 33, Currently licensed BPs for male
osteoporosis in the UK are alendronate, risedronate, zoledronic acid.

Denosumab (60mg every 6 months) is used for the treatment of osteoporosis in
postmenopausal women and in men at increased risk of fracture 424, In women,
it reduces the incidence of vertebral, non-vertebral and hip fractures 4’°, and
approval in men was based on a BMD bridging study %81, In men with PC receiving
ADT, denosumab improved BMD and reduced the incidence of VF 28! (given at
higher doses in men with metastatic bone disease, to prevent SREs). Cessation of
therapy is associated with rapid decreases in BMD and requires careful
management 482,

Teriparatide (recombinant human PTH 1-34) is an anabolic agent that is
administered via subcutaneous injection. It is approved for use in postmenopausal
and GC-associated osteoporosis #3484, and in male osteoporosis based on data
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from BMD bridging studies %>, It is most frequently used in those where other
therapies are not tolerated, effective or are contraindicated 4¥. It’s efficacy in
hypogonadal men (including those receiving ADT) has not been established, in part
due to the fact it is contraindicated in those with BM or who have received
radiotherapy. Its use is restricted to 24 months due to an increased risk of
osteosarcoma ¥,

A range of novel agents are the subject of ongoing osteoporosis trials. These
include cathepsin K inhibitors, anti-sclerostin antibodies, and antibodies to DKK-1
486 The anti-sclerostin antibody romosuzumab was recently approved for use in
postmenopausal women with severe osteoporosis. in Scotland (November 2020),
and NICE is currently reviewing the evidence for its use *®7. None of these
treatments are currently available for men.
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Chapter 2: Assessment of bone loss in men receiving treatment for
prostate cancer (ANTELOPE)

2.1 Introduction

This chapter provides an introduction to the ANTELOPE study; assessment of bone
loss in men receiving treatment for prostate cancer (PC). Factors that affect bone
density will be outlined, along with tools available to assess muscle function and
strength. This chapter will describe established and novel bone imaging techniques
and will outline the ANTELOPE study methods.

ADT is the cornerstone of therapy for men with PC and the indications and adverse
effects have been outlined in chapter one. ADT is associated with a rapid and
profound fall in serum oestrogen and testosterone levels, disruption of the bone
remodelling cycle and net bone loss. The reduction in BMD is most significant
(between 5-8%) during the first year of therapy, and subsequent BMD loss is 1-4%
throughout the duration of treatment 238246 This BMD loss is super-imposed upon
the usual age-related bone loss (approximately 1% per year) and may also be
influenced by other factors such as co-morbidities, lifestyle and use of certain
medications.

In addition to BMD loss, men with PC are at higher risk of fracture than men
without PC, even in those who do not receive ADT 2?4, There is also a significant
dose-response between ADT and fracture risk 221. An important consequence of
ADT is sarcopenia, which may further increase the risk of falls and subsequent
fracture. Using FRAX, approximately one third of ADT treated men with PC are at
intermediate or high risk of fracture #%°. Studies of FRAX in men with PC are limited
in number and have varied in their methods. The use of clinical risk factors to

determine the risk of fracture provides additional information to BMD data
458,460,461

There is a disparity in the management of bone health between men with PC
receiving ADT and women with breast cancer undergoing endocrine therapy. Both
groups are at risk of both CTIBL and SRE from their underlying disease and from
treatment. In women with breast cancer (BC) bone endpoints such as fracture and
change in BMD have been widely incorporated into randomised clinical trials 4%,
Established guidelines and algorithms for BMD assessment and management of
bone health have been incorporated into clinical BC practice In the UK, NICE
guidelines for early and for advanced BC make specific recommendations for the
use of dual-energy X-ray absorptiometry (DXA) scans and use of bone targeted

therapies 4894,

In men with PC undergoing ADT, awareness of bone health amongst patients and
clinicians is suboptimal 3. Guidelines for bone health assessment have varied,
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adherence to them is poor, and there is no clear consensus as to which speciality
should have overall responsibility for bone health assessment and optimisation
345346 Recent publications have attempted to address this issue 342345491492, jt
remains to be seen how these will impact the frequency of DXA, future use of
fracture risk assessment tools and initiation of bone targeted therapies in ADT-
treated men with PC.

2.1.1 Factors that affect bone density and turnover

In addition to the effects of PC and ADT on bone, other factors may also have
significant impact. There were considered in the ANTELOPE study design, and in
inclusion and exclusion criteria.

Increasing age is associated with loss of BMD, however only a few studies have
investigated longitudinal BMD change in men %°3, The magnitude of BMD loss
depends on the skeletal site, but appears to be around 1% per year with advancing
age #1413 |n addition to loss of BMD, microarchitectural changes in older men
(such as trabecular thinning) affect bone strength and fracture risk %4,

Low BMI is associated with low BMD and an increased risk of fracture 4°>4%_ |n
middle aged men, weight loss over three decades was associated with a significant
reduction in hip BMD %7, Almost one third of men in the lowest quartile of BMI at
baseline who lost weight (5% or more) during the study had osteoporosis, whereas
only 4% of those who gained weight had osteoporosis. In general, obesity (BMI
>30kg/m?) is associated with a higher BMD, however its relationship with falls and
fracture risk is complex. The risk of non-vertebral fractures appears to be higher in
morbidly obese men (BMI >35kg/m?) than those with a BMI of 30-34.9kg/m? after
adjustment for BMD #%8, The risk of fracture that is associated with obesity is also
site dependent; there are fewer hip and vertebral fractures but a higher incidence
of fracture at peripheral sites 4999,

Vitamin D has direct and indirect actions on bone. The direct effects are mediated
through effects on osteoblasts and osteoclasts. Vitamin D regulates osteoblast
differentiation and affects key non-collagenous proteins that aid bone matrix
formation °%. It induces pre-osteoclasts to produce macrophage colony-stimulating
factor (M-CSF) to upregulate osteoclast proliferation and prevent their apoptosis.
The indirect actions of vitamin D on bone occur via increased calcium and
phosphate absorption from the intestine and renal tubule %2,

Vitamin D insufficiency (30-50nmol/L) and deficiency (<30nmol/L) are frequent in

older adults >%3

and are also highly prevalent in men with PC >4, Underlying
mechanisms include; reduced synthesis, reduction in dietary intake, decreased
intestinal absorption and less exposure to sunlight. The resulting negative calcium
balance stimulates PTH secretion, enhances calcium absorption and increases bone
resorption. Vitamin D deficiency has also been associated with muscle weakness,

increased falls risk, poor physical performance and postural instability 0529,
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Supplementation with calcium and vitamin D has been used as the control arm in
studies of bone targeted therapies in ADT-treated ben °°’, however there is no
convincing evidence that it is able to prevent bone loss.

A number of systemic conditions are important considerations when designing
studies of changes in bone density, structure and strength. These include endocrine
disorders (such as thyroid and parathyroid disorders, diabetes mellitus); collagen

disorders >%; conditions where bone remodelling is uncoupled; states of chronic

509

inflammation >“° and malabsorption.

As the commonest cause of secondary osteoporosis, continuous oral GC therapy
causes bone loss and an increased risk of fracture. The pathophysiology (outlined in
chapter 1) includes inhibition of osteoblast formation, promotion of osteoblast and
osteocyte apoptosis and an increase in the number and activity of osteoclasts. Loss
of BMD is most rapid during the first year of treatment (between 6-12%),
subsequent loss of BMD is around 3% per year thereafter 383, Microarchitectural
changes include loss of cortical thickness, increased trabecular separation and
reduced number, and a reduction in bone stiffness 38338510 Changes in BTM
include an increase in resorption markers and a fall in formation markers; in
particular, PINP is supressed in a dose dependant manner >'1, Fracture risk is
affected by the duration of GC use (cumulative dose) and current dose, and
discontinuation of treatment is associated with a risk reduction >*2. The FRAX
algorithm defines GC use as a fracture risk factor if an individual is currently
exposed to oral GCs, or has taken them for more than 3 months at a daily dose of
>5mg prednisolone or equivalent 443513, |n addition to GCs, medications used in
the management of epilepsy and metabolic bone disorders also alter bone
metabolism >4,

2.1.2 Sarcopenia

Sarcopenia is the progressive loss of skeletal muscle mass and quality. There is a
reduction in muscle mass and number of fibres, in addition to a shift in composition
towards expression of slow fibre (type I) types and loss of precursor cells for type I
fibres >1>°16, Loss of fast type Il fibres (required to mobilise ATP and create tension)
causes muscle to fatigue easily. Loss of muscle strength that is related to loss of
mass (in those with no neuromuscular deficit) is referred to as dynapenia °*’. There
is a lack of consensus regarding the specific definition and precise diagnostic
criteria for sarcopenia. Recent publications have produced different consensus
definitions (table 8), and made recommendations for assessment. The most recent
of these were the updated EWGSOP guidelines, which also made recommendations
for clinical practice and research °18,

Sarcopenia is common in older populations and contributes to frailty, falls,
fractures, disability and increased mortality °1%:>20521,352,522 Hogpitalisation or a
period of immobility following a fall causes dis-use atrophy, which precipitates
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physical decline and may lead to loss of independence °23. The aetiology of
sarcopenia is multi-factorial. With normal ageing, around one third of muscle mass
is lost between the ages of 50 and 80 years 2. It is estimated that sarcopenia
affects between 5-13% of the population aged between 60-70 years and more than
half of those aged over 80 years >2°. However, prevalence estimates vary in the
literature due to study population heterogeneity and methods used to measure
muscle mass (DXA is the gold standard, but CT, MRI and neurophysiological
techniques may also be used). An indirect age-related change in muscle strength
occurs via impaired growth hormone production, which reduces the anabolic effect
of IGF-1 on muscle. In addition to ageing, other risk factors for sarcopenia are poor
nutrition, sedentary lifestyle, chronic diseases, a reduction in circulating sex
steroids, and use of certain medications 23,

In older cancer patients, the aetiology of sarcopenia is complex and multifactorial,
and exacerbated by cachexia and cytokine-mediated degradation of muscle mass
526 Individuals with cancer have an increased metabolic rate and an underlying
state of chronic inflammation, both of which lead to a reduction in protein
synthesis and increased protein degradation >?’. Individuals with cancer are also
likely to have impaired nutrition and reduced physical activity as a result of their
disease and/or treatment. The prevalence of sarcopenia varies between cancer
types, stages and progress through treatment >?8. Sarcopenia has been associated
with increased toxicity to systemic anticancer treatments, cancer-related fatigue
and increased mortality, independent of disease stage >2%°30 31, However, many
studies in cancer patients have not assessed muscle strength to classify sarcopenia
and have relied on radiological measurement of lean mass. The Society of Geriatric
Oncology (SIOG) recommends geriatric assessment in all older cancer patients
before treatment is initiated, and this should include assessments able to identify
sarcopenia >32,
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Group on Sarcopenia
(IWGS) >3¢

Group Year Proposed diagnostic criteria

European Working 2010 Low skeletal muscle mass

Group on Sarcopenia Either low muscle strength or low performance

in Older People (for example gait speed)

(EWGSOP) >33,534
If only low mass is present = pre-sarcopenia
2 criteria are present = sarcopenia
If all 3 criteria are present = severe sarcopenia

2019 Three criteria; 1= low muscle strength (grip

strength or chair stand), 2= low muscle
guantity/quality, and 3= reduced physical
performance (gait speed, timed up and go, or
short physical performance battery)
If low muscle strength is present in isolation:
probable sarcopenia
Low muscle strength and quality: sarcopenia
All three criteria = severe sarcopenia

European Society for 2010 Low skeletal muscle mass

Clinical Nutrition and Low muscle strength

Metabolism Special

Interest Groups

(ESPEN-SIG) 5%

International Working 2011 Low skeletal muscle mass and low muscle

function measured by gait speed
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2.1.2.1 Prostate cancer and sarcopenia

In men with PC, the aetiology of sarcopenia is multifactorial and the important
aetiological factors are shown in figure 8. Older men may also have comorbidities
that directly or indirectly affect body composition. Hypogonadism is a key mediator
(total testosterone concentration > 2 SD below mean for young men), as serum
testosterone correlates positively with lean mass °3’. Hypogonadism is present in
20% of all men aged between 60-80 years and 50% of those aged over 80 years,
and is partially explained by an increase in SHBG with age >3%°3°, The initiation of
ADT causes circulating testosterone and oestrogen to decrease further; they rapidly
fall to castration levels. GCs are often used in PC treatment and also have a

negative effect on lean mass >%°.

Prospective studies have investigated changes in lean and fat mass associated with
ADT, and these were summarised in table 6 (chapter one). Continuous ADT is
associated with simultaneous loss of skeletal muscle mass and gain of fat mass, a
condition which is termed sarcopenic obesity. Meta-analysis of studies of ADT on
body composition have reported a mean increase in weight of 2.1% (95% Cl 1.4-
2.9%), mean increase in fat mass of 7.7% (95% Cl 4.3-6.9%), and decrease in lean
mass by 2.8% (95% Cl 3.6-2.0%). ADT has also been shown to affect lower limb
muscle function, with a prominent decrease in peak hip flexor and knee extensor

541 In men with

torque, mediated by decreased force from proximal muscles
metastatic PC, sarcopenia may also reduce tolerance to chemotherapy and has
been associated with worse cancer-specific survival >42°43544545 S|0G recommend
that a comprehensive geriatric assessment is undertaken in all men with PC before
treatment is initiated, and this should include measures of muscle strength and

function %,
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Figure 8: Aetiology of sarcopenia in men with prostate cancer.

The aetiology of sarcopenia in men with PC is complex and multifactorial. It includes genetic, lifestyle and age-related
influences, in addition to the physiological and biological effects of cancer and its treatment.
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2.1.2.2 Frailty in men with prostate cancer

In addition to changes in muscle strength and sarcopenia that are associated with
ADT, another important consideration is frailty. This common geriatric syndrome is
defined as a state of vulnerability to the poor resolution of homeostasis following a
stressor event °*’. It is the consequence of cumulative deficits across multiple
physiological systems, and has been associated with adverse outcomes in cancer
patients, including increased mortality and intolerance to cancer treatment >, In
an ageing population, the distinction between biological and chronological age and
the identification of frail cancer patients is of increasing importance.

The diagnostic criteria for frailty depend on the model that is used; current
evidence-based approaches are the phenotype model, comprehensive geriatric
assessment (CGA) and the cumulative deficit model. The phenotype model
identifies frailty when three or more of the following characteristics are present;
unintentional weight loss, exhaustion, low energy expenditure, slow gait speed and
weak grip strength 3°3. Those with one or two characteristics are categorized as
pre-frail. The cumulative deficit model defines frailty as the cumulative effect of
individual deficits (clinical signs, symptoms, disease states, disabilities and
abnormal laboratory test results) >*°, and CGA is a multidimensional, multi-
disciplinary assessment process that is widely used in geriatric medicine >°°.

It is estimated that frailty affects between 40 and 50% of oncology patients, and a
similar proportion are considered to be pre-frail >*8. Frailty assessment provides
additional information to the assessment of performance status (the most frequent
measure of fitness for treatment in oncology practice) >°1. In ADT-treated men with
PC, the prevalence of frailty is estimated to be between 6.4% and 60%, and a
significant proportion are pre-frail >*8°52553, However, high quality epidemiological
data are lacking in men with PC 2#’, Importantly, there is also considerable overlap
between the known physical toxicities of ADT (such as sarcopenic obesity, fatigue
and changes in muscle strength) and frailty, and ADT may either directly cause or
exacerbate pre-existing frailty or pre-frailty >4,

Published guidelines for the assessment and management of older patients with PC
are available >>°, however geriatric assessment (including frailty screening) is not
routinely carried out in oncology practice in the UK. Failure to consider frailty and
fitness in men with PC risks the under-treatment of older patients who are
otherwise fit. Conversely, it may lead to the over-treatment of younger men (based
on age criteria alone), some of whom may have underlying comorbid conditions
and be less able to withstand standard treatments. In addition, health
professionals report a lack of knowledge and confidence in managing and treating
older cancer patients, and the current workforce is not designed to meet their
needs >°6°>%7, Recent initiatives such as the McMillan Cancer Support and Age UK
Cancer Services Coming of Age report, NHS England’s 2015-2020 cancer strategy



72 -

and recommendations from the UK Association of Cancer Physicians seek to
improve cancer care and outcomes in older patients >°%>°8, McMillan Cancer
Support has subsequently established an expert reference group to drive forward
workforce and policy changes in order to achieve this >°°.

2.1.3 Assessment of body composition, muscle function and strength
2.1.3.1 Body composition

Standard clinical measurements of height and weight are used to determine body
mass index (BMI, kg/m?) and identify individuals as underweight (BMI <18.5),
normal weight (BMI 18.5-24.9), overweight (BMI 25-29.9kg/m?), obese (BMI 30-
34.9kg/m?) or severely obese (BMI >35kg/m?) based on the WHO classification >,
BMI is a widely available screening tool, but does not account for variation in fat
and lean mass or adequately define risk of long term adverse health. In addition to
BMI, waist and abdominal circumference and skinfold thickness may also be
measured °%, Bioelectrical impedance is a more resource intense method, and
produces estimates of body water and fat mass by measuring the resistance of the
body as a conductor to a small alternating electrical current >62,

The commonest imaging technique used to determine body composition is dual-
energy X-ray absorptiometry (DXA) and DXA will be described in greater detail later
in this chapter. It is used to calculate the proportion of fat and lean tissue in a
region of interest (this can include the whole body). It is limited by some technical
aspects (such as variability between scanners) and the software used which makes
inherent assumptions regarding levels of hydration and tissue density 6.

2.1.3.2 Muscle function and strength

Tests of balance and muscle strength in older individuals can determine functional
status and degree of dependence, and can also predict multi-morbidity and
mortality 56364565 Balance is a composite of multiple integrated body systems, and
thorough assessment of balance includes static, dynamic (such as walking) and
proactive and reactive elements >%, Numerous tests can assess balance and/or
muscle strength, and available tools range in their complexity, ease of use,
sensitivity and specificity. Tests of grip strength, walking speed, sit-to-stand, and
standing balance may predict both current and future health 56463567,

Grip strength

Grip strength declines after midlife and this accelerates with increasing age °%8. Loss
of grip strength predicts functional decline, falls, disability, impaired quality of life

369-571,572 (Cross sectional data

and mortality in middle-aged and older adults
suggest that it may also be a useful marker of frailty >’3. Assessment of grip
strength has been recommended by the European Working Party on Sarcopenia in

Older People (EWGSOP) 32 and it is measured quantitatively using a dynamometer.
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The Jamar hand dynamometer has the most extensive normative data and is the
most commonly cited.

Measurement of grip strength is simple, quick, and requires relatively inexpensive
equipment. In most studies, strength is assessed three times in each hand >’* which
produces good to excellent test-retest reproducibility °’> and excellent inter-rater
reliability >7. However, there is no standard protocol and variation in the methods
used in published studies. There is some evidence that the dominant hand may
have up to 10% stronger grip strength than the non-dominant hand, and
assessment of both hands improves accuracy °’’. Positioning is also important as
results may be elevated by supination of the forearm, flexion of the elbow to 90
degrees, and posture °78>72°80 Methods of instruction and encouragement by the
assessor may also affects results *21, as well as the amount of time left between
repeated measures *#2. The time of day may also have an effect, with a circadian

rhythm resulting in maximum strength first thing in the morning °83.

The short physical performance battery (SPPB)

The short physical performance battery (SPPB) has been used to assess
performance in community and hospital settings, and is recommended by the
current EWGSOP guidance *3*. It comprises assessment of muscle strength, balance
and mobility to provide a rapid and objective outcome measure. It involves walking
at a normal pace, a balance task and chair stand test >4, The reliability of SPPB is
good and it has been validated with self-reported mobility and disability >8>°8¢,
Components of the SPPB have been shown to predict risk of falls >®’, loss of
independence °88 hospitalisation and mortality >8¢°%9, and it is a sensitive measure

of reduced lower limb performance >,

In a study of men with PC who had received ADT for at least 3 months, 56% of men
had impairment in the SPPB across all components, and one fifth of men had
experienced a recent fall >°1. Another study compared SPPB scores in three groups
of men with PC (no ADT, short term and long term ADT) and healthy controls
without PC. Long term ADT was associated with a significantly lower score than
short term or no ADT >°2, A lower SPPB score has also been associated with
impairment in instrumental activities of daily living (IADL) in older men with PC 5%,
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2.1.4 Assessment of bone structure and microarchitecture
2.1.4.1 Dual X-ray absorptiometry (DXA)

DXA is a non-invasive quantitative imaging technique that is used to measure two
dimensional (areal) BMD (aBMD) at the lumbar spine, hip and proximal femur. DXA
scans are widely available and standard clinical practice. The BMD and T score
outcomes directly relate to the WHO diagnostic criteria for osteoporosis; BMD at
the hip is the most reliable measurement for estimating fracture risk >°4°%5. DXA
provides an accurate assessment of response to treatment and changes in aBBMD
over time °%%°%7, Other non-BMD applications of DXA include; fracture risk
assessment; vertebral fracture assessment; measurement of body composition >%;
hip geometry analysis °*°; and trabecular bone score %, DXA has important
practical advantages such as; short scanning times and quick patient set up, low
doses of radiation (approximately 32uSv, equivalent to 5 days of natural
background radiation), stable calibration, and the availability of reliable reference
ranges >%’.

2.1.4.2 Basic principles

DXA relies upon the difference in attenuation of photon energy by bone mineral,
compared with soft tissue %91, DXA scanners transmit beams of photons with high
and low energies by alternating the voltage of the x-ray tube (kV switching). A fan
shaped beam is generated by passing the beam through a collimator. Photons are
then attenuated by absorption and scatter (Compton scatter), resulting in the loss
of kinetic energy 2. In photoelectric absorption, the incident photon energy
provides all its energy to an electron and disappears. In Compton scattering, only
part of the photon energy transfers to an electron, and this interaction results in
the production of a scattered photon with altered direction and reduced energy 3,
The x-ray attenuation coefficient depends on atomic number and photon energy.

The intensity of an incident beam depends on its photon energy and the
composition, density and thickness of the material it passes through 02,
Measurement of the transmission factors at two different (high and low) energies
enables the areal densities (the mass per unit of projected area) of two different
types of tissue to be inferred. For the purposes of DXA, these are considered to be
bone mineral or hydroxyapatite, and soft tissue 6°1. Hydroxyapatite has a high
density, includes higher atomic number elements such as calcium and phosphate
and causes greater attenuation of photon energy than soft tissue elements (skin,
fat, muscle, vasculature) which are predominantly comprised of oxygen, carbon
and hydrogen molecules 891602,

Transmitted photons pass through the body and reach a scintillation detector array
system (figure 9), which converts the emerging x ray beams (which vary in energy)
into light energies. These are detected by a photo diode and converted into
electrical signals for image generation. An attenuation coefficient is calculated for
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each pixel (R value) and is the ratio of attenuation at low and high energy beam:s.
The standard equation for the calculation of attenuation of a beam passing through
homogenous tissue is

I=10 exp - (LM)

Where | is the intensity of the beam after it has been transmitted, 10 is the beam
intensity,  is the linear mass attenuation coefficient of the tissue (cm?g™) and M
represents the area density (g/cm?) 892, However, as the body is not a homogenous
tissue, two separate compartments (bone and soft tissue) are modelled to calculate
bone density.

For a given energy, the equation used for determination of attenuation in BMD
calculations is

| =10 exp — (UBMB + uSMS) (B represents bone and S is soft tissue)

This can also vary depending on the beam energy, and requires separate equations
to be used for low and high energy beams.

During the DXA scan, a bone profile is generated as a pixel map, with an edge
detection algorithm used to delineate bone from soft tissue. Bone density is
calculated for each pixel of the area that is scanned, the mean density of these is
equivalent to the areal BMD (g/cm?). The software identifies the bone area
scanned, and can use this information along with the mean BMD to calculate the
bone mineral content (BMC). This is measured in grams and is derived from
multiplication of the BMD of an area by the total bone area.

The main outcome of interest from DXA is aBMD. From this, the clinically important
T and Z scores are determined. These are gender specific standard deviations (SD),
the T score quantifies how far the BMD lies from the mean value for young adults,
whilst the Z score refers to a comparison between observed BMD and the
population mean for someone of the same age. The standard equations used are:

BMD T-score = (observed BMD — young normal BMD) / (SD of young normal BMD)

BMD Z-score = (observed BMD — age and gender-matched BMD) / (SD of age and
gender-matched BMD)

2.1.4.3 Limitations of DXA

The most significant limitation of DXA is the two-dimensional measurement which
does not account for bone depth, and lacks detailed information regarding bone
microarchitecture. BMD measurements may also be affected by increased bone
marrow fat (such as those with a lower BMI), in individuals where fat distribution is
non-homogenous, in those where the level of hydration is not constant throughout
their lean mass, and when there is non-standard bone geometry 60460>606,607 Nost
DXA scanners have a scan table weight limit (typically around 150kg) which
excludes some patients from assessment. Accurate positioning can also be difficult
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in overweight and obese patients, and may require scanning adaptations that can
introduce error 68,

DXA may also overestimate BMD, as age-related conditions such as osteoarthritis
and aortic calcification may all falsely elevate BMD measurement %%°, This issue
may be circumvented by the use of peripheral DXA (imaging sites such as the
radius), which not only improves accuracy of BMD measurement, but may also
identify additional patients with osteoporosis 2142%0, Peripheral DXA may be
particularly useful in men with PC, the distal radius is rarely affected by bone
metastasis and forearm BMD is a strong predictor of fracture risk in men 6%,
However central DXA is more widely available, is able to provide information
regarding body composition and the addition of peripheral DXA to central DXA
measurement has implications on scanning times.

DXA results may also vary due to the use of different machines and scanning
techniques. There is also the possibility of differences in calibration, as serial
measurements rely on these factors remaining constant. These are usually
overcome by quality control, and the use of standard phantoms. When BMD is
measured for research purposes, the scanning conditions must remain constant
wherever possible.
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Figure 9: DXA scanner scintillation detector array system.

The components of a DXA scanner are shown above. As the x ray source
moves over a patient, the x ray beam is attenuated by a greater or lesser
degree, depending on the composition of the material it traverses. The

attenuation of soft tissue (muscle, fat blood and skin) is similar, whereas

bone mineral has a higher attenuation.
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2.1.5 Computed tomography

Computed tomography (CT) is based upon the same principle as DXA, where
calculation of tissue density is based upon the degree of attenuation of x ray
beams. A standard CT scanner is used, and the X-ray beam is directed from the
source through the body to a detector. The peak tube voltage (kilovolt peak, kVp)
controls the beam quality, and is inversely proportional to the image quality. The
tube current (milliamperes, mA, or microamperes, pA) controls the number of
photons and affects image density. Higher voltage and current improve the CT
images but require a higher radiation dose to be delivered. Other key parameters
are the scan integration time (ms, the exposure duration for each tomographic
projection) and the slice thickness (mm or pum, the smallest thickness of the two
dimensional slices). Computer based algorithms such as the noise index are
available to adjust images to an appropriate quality.

The attenuation profile is used to construct a three dimensional image on to a
blank matrix ®1. This achieves a true measurement of volumetric density, and also
accounts for gradations of density within tissue. The degree of attenuation within
each voxel is compared with the attenuation of water; the mean attenuation is
then converted into Hounsfield units (HU; a scale that uses water as the reference
value of zero). The tissue that gives rise to the most attenuation is bone. Each pixel
is assigned a shade of grey based on the HU gradation.

Quantitative CT (QCT) is used to measure bone properties from CT images.
Calibration phantoms containing rods of hydroxyapatite are imaged, and the mean
attenuation for each compartment is calculated and used to convert the HU into
BMD. Computer-based post imaging processing methods are used to calculate
three dimensional vBMD and morphological parameters.

For the purposes of bone density assessment, CT has several advantages over DXA,
most notably it produces a three dimensional volumetric measure of tissue density
due to the detection of photons over multiple projections rather than a single
projection. CT is also able to differentiate between cortical and trabecular bone
compartments, is more accurate than DXA in assessing bone size and shape, and is
able to distinguish between degenerative changes and extra-osseous calcification
which may lead to inaccurate estimates using DXA. The principal disadvantages of
CT compared with DXA are that a higher exposure to ionising radiation is required;
relative expense; lower availability; and the inability to quantify bone material
properties beyond mineral.

2.1.6 High resolution computed tomography

Advances in CT technology have led to the use of high resolution (HR) techniques
with improved spatial resolution over a smaller field of view, improved signal to
noise ratio and fast scan acquisition times 2. Studies that have used HR-CT have
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significantly improved the understanding of changes in bone microstructure,
stiffness and strength that occur in both health and disease.

High resolution peripheral quantitative computed tomography (HR-pQCT)
measures bone size, geometry, density and microarchitecture at the tibia or radius,
and is more sensitive than DXA in detecting osteoporosis 3614, The only HR-pQCT
machine currently able to measure human bone microarchitecture in vivo is the
Xtreme CT (SANCO Medical AG, Briittisellen, Switzerland). Analysis software is
available to determine microarchitectural parameters, and finite element
modelling (described later in this chapter) can be used to estimate bone stiffness
and strength.

Most of the standard HR-pQCT measures are based upon those used in micro CT
(1CT) which is considered the gold standard °. However, some measures are
derived, as for example, the average voxel size of 80 microns is close to the average
thickness of a human trabecula (therefore trabecular thickness cannot be directly
measured) 616, There is good agreement between HR-pQCT and uCT for the

617 as well as cortical porosity and stiffness 618619617,

assessment of morphology
The reproducibility of measures obtained by HR-pQCT is excellent and there is a

low frequency of precision error (generally <1%) 629,

The dose of radiation from a single HR-pQCT scan is 3usv (equivalent to less than 1
day of average background radiation), and the scanning process usually takes 3
minutes 82°. Regular quality control (QC) identifies drift, scatter artefact and beam
hardening that occurs as a result of decreased x-ray emission (decay) 2. An
important limitation of HR-pQCT is motion artefact; even very small movements
can significantly distort the images. Methods to grade and adjust for motion
artefact have been developed, however in reality it is usually easier to repeat the
scan where possible 622, The other main disadvantage of HR-pQCT is that it is
limited to peripheral sites and unable to assess the spine, hip and proximal femur
which are associated with a high frequency of fractures associated with metabolic
bone disorders.

HR-CT at central sites is feasible; it has been used for assessment of human
vertebrae microstructure, where it was found to provide additional information to
DXA. The HR-CT vertebra protocol involves examinations at 120kV and 360mAs,
and image reconstruction with a voxel size of 156um and slice thickness of 300-
500um %23, The major disadvantage is the high dose of radiation required
(approximately 4.1mSv per scan, equivalent to 18 months of background radiation),
which limits longitudinal assessment.

2.1.7 Finite element methods

Finite element (FE) analysis (FEA) involves a computer based simulation where
mechanical loads are applied to a material to determine the stresses (internal force
per unit area) and strains (deformations) inside a structure. The magnitude and
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direction of these are affected by the load conditions, shape and internal
architecture of the material, in addition to local material properties %24, FE methods
are widely used in engineering, to predict the conditions that would result in failure
of a material. It is used when direct measurement is not possible, and was first
applied to bone in the 1970s 62>,

The FE process is summarised in figure 10. The first stage involves a pre-processing
step and generation of a computer aided design model. This defines the geometry
and density of the material under investigation, and uses images generated by
computed tomography. Once a model has been developed, a mesh is generated,
which subdivides the structure into simple elements and connects it at key points.
Other pre-processing steps include definition of the shape outline and application
of boundary conditions (calculation of load applied and what subsequent
constraints or reaction to the applied load occur) 2. The material properties are
assigned, based on either direct measurement or estimation based on a material’s
known properties %26, Two important components of this are the Young’s modulus
(a measure of stiffness and resistance to elastic deformation under load which
relates stress to the amount of strain) and the Poisson ratio; a ratio of lateral
contraction to longitudinal extension of a material under longitudinal tensile stress
627 Material properties are considered to be either linear or non-linear, and require
different models. Using bone as an example material, the elastic modulus is
typically well correlated with strength across a range of densities 628629

However, estimates of yield stress (which can only be obtained from non-linear
models) may improve predictions of strength as non-linear processes are involved
in failure (fracture) 62630, Once a CAD model is prepared, the next step involves
computational processing, where the FE equations are assembled, followed by
post-processing analysis, review and refinement.

Micro FE is a novel approach and allows calculation of the mechanical properties of
bone as they relate to its microstructure 3. Cross sectional images from high
resolution CT scans are stacked to create a three dimensional structure, which is
combined with fully automated FE models 32, There are two main analysis
techniques; each voxel in a reconstructed 3D image can be converted into equally
shaped brick elements (voxel conversion method), and assigns them the elastic
properties of bone tissue 832631, The second method uses marching cubes, where
voxels are subdivided into tetrahedron elements %33, This creates a model with
smooth trabecular surfaces, however adds complexity and may be less accurate
than voxel conversion 32, Both methods produce extensive and complex models;
for example, a single human vertebra may contain up to 60 million separate
elements and the stress and strain can be determined at the level of an individual
trabeculae. Special-purpose solvers have been developed to enable the automated
solution of such large problems within a reasonable time frame. The main
outcomes of micro FE analysis in bone are summarised in table 9.
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Table 9: Micro FE analysis outcomes derived from HR-QCT

Outcome

(abbreviation)

Units

Description

Stiffness

Estimated ultimate
failure load
(Est.Fail.Load)

Mean trabecular Von
Mises stress (Th.VM)

Mean cortical Von
Mises stress (Ct.VM)

Proximal trabecular/
cortical load and
distal trabecular/

cortical load

kN/mm

kN

MPa

MPa

All %

Resistance to deformation when applying a load;
total reaction force divided by displacement

Maximum load the bone can bear before fracture

Indicates whether combined stresses in the x, y
and z directions in the trabeculae will cause
failure

Indicates whether combined stresses in the x, y

and z directions in the cortex will cause failure

The distribution of the load between the cortical

and trabecular compartments
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[ Pre-processing (~70% of total effort) \

Simplify the structure and plan the geometry
Generate and review the mesh
Assign material properties (ideally specific to the material under
investigation)

Apply boundary conditions, load (eg force, movement, pressure)
and constraints (reaction to load that can resist translational and
rotational deformation)

Choose the type of analysis (linear, non linear or dynamic) and
degrees of freedom

L

Apply solution (~5% of effort)
Evaluate stiffness of individual elements and whole structure

Evaluate stresses
\\ J

¥

f Post-processing (~25% of effort) \
Interrogate the results
Review displacements to ensure boundary conditions seem correct
Review the magnitudes to check loading, and the stresses to check
the mesh density and quality of the elements
Refine mesh, re-run analysis as required

\ Verify and validate results )

Figure 10: The finite element process

Mesh applied to L1 vertebra

Example image from estimation of Von Mises stress and strain

This is used for the estimation of material strength. The initial pre-processing step

is the most time-consuming and requires consideration to be given to all of the

conditions and properties, in order to generate an accurate model. The length of

time taken to solve the problem is dependent upon the complexity of the model.
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2.1.8 High resolution imaging techniques used in prostate cancer

Only a few studies have used HR techniques to investigate the effects of ADT on
bone microarchitecture and strength. One study in men with PC initiating ADT
measured the 12-month change at the radius and tibia using DXA and HR-pQCT 218,
At baseline, 26 men with PC were compared to age matched healthy controls, and
the only significant difference in density and microarchitecture was thinner
trabeculae in men with PC (p=0.007). After 12 months, the ADT group had
decreased total vBMD at the distal radius (5.2% + 5.4, p=0.001), loss of cortical
BMD (11.3% % 8.6%) and loss of trabecular density (3.5% +6.0%). Both the cortical
area (-11.5% + -8.8%) and the derived measure of cortical thickness decreased
(p=0.001 for both) and cortical porosity was increased. Trabecular area increased
(1.7% £ 1.8%, p=0.001) and the trabecular number decreased, however there was
no change in trabecular thickness. Similar findings were reported at the tibia,
although the trabecular thickness increased at this site. Overall, there was a
greater decline in volumetric BMD by HR-pQCT than areal BMD measured by DXA.

Another study investigated microarchitectural change over 2 years in 76 men with
non-metastatic PC starting ADT randomised to bisphosphonate or placebo %34. HR-
pQCT at the distal radius demonstrated a decrease in total vBMD in both groups
over 24 months, and that loss of cortical BMD exceeded loss of trabecular BMD.
Trabecular number, thickness and separation remained fairly constant. When
groups were compared, there was no significant difference at 12 or 24 months,
suggesting that bisphosphonate treatment was not able to prevent deterioration in
microstructure that is associated with ADT 634,

A small cross sectional feasibility study of 22 men with PC used HR-pQCT and DXA
within 6 months of ADT initiation ®3°, Outcomes were correlated with duration of
ADT and serum testosterone. Limited data suggest that trabecular vBMD and
BV/TV may be negatively correlated with ADT duration, and positively correlate
with serum testosterone levels.

A prospective cohort study has investigated the longitudinal change in bone
microarchitecture and changes in sex steroids in 820 older men ©3®, It included a
small number of men with PC receiving ADT who underwent HR-pQCT at the tibia
and radius at baseline, and after 4 and 8 years of follow-up. The ADT group were
compared to the no ADT group; at both the radius and tibia ADT was associated
with significant decreases in BMC, total vBMD, cortical vBMD, cortical thickness
and area, whereas the trabecular area increased more rapidly with ADT.

High resolution micro MRI has also been used in men treated with ADT 2%/,
Microarchitectural outcomes included the surface density, surface to curve ratio
(the intactness of the trabecular network) an erosion index (the degree to which
trabecular plates have deteriorated to become rods), and the bone to tissue
volume ratio. More than a third of men had an undiagnosed vertebral fracture (VF),
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the BV/TV and surface density were lower, and the erosion index was higher in
men with moderate to severe VF. The addition of the MRI parameters to the DXA
results improved the prediction of VF. The length of ADT was also associated with
deterioration of microarchitectural parameters using micro MRI, but not with DXA.

In general, is seems that incorporation of HR techniques, and in particular the
assessment of trabecular bone parameters provides useful information regarding
bone strength and fracture risk in men receiving ADT. However, the numbers of
men that have been included are small, access to scanners is limited, and
prospective data are currently lacking.

2.2 ANTELOPE study methods

2.2.1 Overall aim and rationale for ANTELOPE

There is increasing awareness of the long term effects of cancer treatments,
especially in PC where many men may live with their disease for a lengthy period of
time. Recent publications and guidance are available, however routine assessment
and consideration of bone health in men with PCis not incorporated into usual
clinical practice. Published data to date has focussed on ADT and changes in aBMD,
predominantly in those receiving bone targeted treatments. Only a few studies
have applied HR imaging and FEA to investigate microarchitectural changes that are
likely to be as important as aBMD in terms of bone strength. There is no published
data on the change in bone parameters in men with hormone sensitive metastatic
PC that are treated with ADT and docetaxel/prednisolone, which is currently
offered to all newly diagnosed men who are fit for this treatment.

ANTELOPE (AssessmeNT of bonE LOss in men receiving treatment for Prostate
canckr) is designed to investigate the longitudinal change in bone density and
microarchitecture in men with PC receiving continuous ADT, and included some
men receiving chemotherapy in addition to ADT. Improved understanding of the
effects of ADT on the properties of bone will help clinicians to better identify those
at risk of fracture in whom bone-targeted therapies should be considered, and
select the most appropriate therapy.

2.2.2 Study design

ANTELOPE is a prospective longitudinal case control study of changes in bone
density, bone microarchitecture, body composition and muscle function and
strength over 12 months in men with PC receiving ADT. Patient representatives had
an important role in the study design process, and reviewed the study protocol,
patient information sheet, bone questionnaire and advertising material.

ANTELOPE recruited three groups of men, and the study schedule is summarised in
the trial schema (figure 11). Group A included those with localised or locally
advanced PC due to commence (or had recently commenced) treatment with
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continuous ADT. Men with recently diagnosed hormone sensitive metastatic PC
were recruited to Group B; this group had recently started ADT and were due to
start palliative chemotherapy with docetaxel and prednisolone. Group C were
healthy men without PC and were matched by age and BMI to Group A.

A power calculation was based on the reported findings of a previous study that
measured bone structural change in men with PC. With 90% power and 5% two-
sided significance, 24 participants were required in each group to detect a
standardised difference of 0.96 in change in volumetric BMD (primary outcome). To
allow for a 10% drop out rate, and also in anticipation of the fact that some men in
Group B (with more advanced disease) would have disease progression during the
study period, ANTELOPE aimed to recruit 30 participants to each group. Any
participant that was excluded at baseline or lost to follow-up was replaced by
additional recruitment. ANTELOPE participants in Group B that developed
progressive disease (and required change in treatment) during the study period
had their second assessment brought forwards, provided that they had been on
study for at least 6 months and wished to continue on study.

2.2.3 Study location, funding and approval

ANTELOPE was carried out within the University of Sheffield and Sheffield Teaching
Hospitals NHS Foundation Trust and was funded by a grant from the Weston Park
Hospital Cancer Charity. Participants visited the Clinical Research Facility at the
Northern General Hospital (NGH) in Sheffield for study assessments. The
departments of radiology and biochemistry at the NGH were used for CT scans and
real time biochemistry. The end of study serum sample analysis was undertaken in
the bone biochemistry laboratory in the University of Sheffield medical school and
the biochemistry laboratory at the Royal Hallamshire Hospital in Sheffield.

ANTELOPE received approval from medical and clinical radiation experts, was
approved by the South Yorkshire Research Ethics Committee in October 2016 and
received HRA approval in November 2016. The study was sponsored by Sheffield
Teaching Hospitals NHS Foundation Trust, with appropriate insurance and
indemnity secured.

2.2.4 Recruitment and informed consent

Participants were recruited between January 2017 and November 2018. Group A
were recruited from urology and clinical oncology outpatient clinics at the Royal
Hallamshire and Weston Park Hospitals in Sheffield. Group B were recruited from
medical oncology clinics at Weston Park Hospital. Group C were initially recruited
from a database of healthy volunteers who had participated in previous studies at
the academic unit of bone metabolism. Healthy controls were also recruited from
those that responded to poster adverts displayed within the University of Sheffield,
and email advertising via university distribution lists. All participants underwent
assessment of bone and muscle function on two occasions, 12 months apart.
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All potential participants received a patient information sheet prior to consent. All
men provided written informed consent before any study procedure took place.

2.2.5 Inclusion and exclusion criteria

Key inclusion and exclusion criteria are listed in table 10, and sought to ensure that
any differences in outcome were related to the differences in study groups. All
participants were aged between 50 and 85 years at the time of first study visit, and
had a WHO performance status of O (fully active and able to carry out all usual
activities) or 1 (mildly symptomatic or slightly restricted in strenuous activity, able
to undertake light housework). All were able to provide informed consent prior to
any study procedures, and agreed to comply with the terms of the protocol.
Participants were excluded if their body mass index (BMI) was less than 18.5 kg/m?
or greater than 35.0 kg/m2. All men had normal organ function on standard
laboratory testing at baseline.

All participants in group A had histological confirmation of PC and had no evidence
of metastatic disease. All group A participants were due to commence continuous
ADT for a minimum of 12 months, and had the baseline study assessment within 4
weeks of ADT initiation. Although ADT has a rapid effect on bone turnover, this was
a pragmatic choice and reflected the anticipated difficulty in recruiting this group
and undertaking a separate assessment to their standard treatment in a different
location. The majority of group A had received radiotherapy (to the prostate or
pelvis) prior to study participation, or underwent radiotherapy during the study
period.

Group B participants had newly diagnosed hormone sensitive PC, and had
commenced ADT less than 3 months prior to study participation. The usual
pathway for these patients (via urology clinics and urology multi-disciplinary team
meetings) results in men attending oncology clinics some weeks after ADT
initiation. Participants in this group had all started or were due to start disease-
modifying chemotherapy with 6 cycles of docetaxel and prednisolone (10mg
prednisolone daily and prophylactic dexamethasone prior to chemotherapy is the
standard chemotherapy protocol). Those in group B included men with metastatic
bone disease, however those with disease affecting the radius were excluded. In
the event of an individual receiving palliative radiotherapy for bone pain, continued
study participation was permitted, but it was recommended that future BMD
assessment would avoid the treated site. Participants who developed bone pain
during the study period could receive opiate based analgesia as required. Any
participant that needed to start a bisphosphonate could have their follow-up
assessment brought forwards if they had been on study for 6 months or more.

Group C participants were healthy men. Participants were matched by age (5
years), height (+5cm) and BMI (+5 kg/m?) to Group A participants. This was done by
hand using a matching table, and ensuring that towards the end of the study, we
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recruited healthy control participants that were a good match for those recruited
to Group A.

Exclusion criteria sought to ensure that none of the study participants had or
experienced conditions that would affect bone metabolism. Individuals with
known metabolic bone diseases or with conditions known to affect bone
metabolism were excluded from participation (table 10). Those taking prescribed
medications that affect bone health were also excluded, such as osteoporosis/
bone targeted therapies, radium-223, hormone treatments (other than ADT), oral
corticosteroids (apart from chemotherapy-associated steroids for group B), and
antiepileptic medications. Due to the effect on BTM, those who had experienced a
fracture or undergone orthopaedic surgery within the past 12 months were unable
to take partin ANTELOPE, in addition to those with arthritis, previous surgery to
bone or skeletal abnormality that would prevent the acqusition of study
measuerments. ANTELOPE excluded individuals participating in any other clinical
trial involving an investigational medicinal product and those with any concurrent
or recent cancer (apart from PCin groups A and B) that could confuse study
endpoints.

Anyone that was found to be at high risk of fracture based on the DXA results at
their baseline visit was excluded from further participation, and referred to the
Sheffield metabolic bone centre for ongoing management. GPs were also informed.
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Table 10: Summary of study inclusion and exclusion criteria

Inclusion criteria

All participants

Male

Aged 50-85 years

WHO performance status 0-2

Able and willing to comply with protocol terms and undertake trial assessments
BMI between 18.5 and 35kg/m? at baseline

Provide written informed consent prior to any trial-specific procedures

No evidence of significantly abnormal organ function on standard lab testing

Group A only

Histological confirmation of prostate cancer with no evidence of metastases
Has commenced ADT < 4 weeks before baseline visit (or due to commence)
No prior systemic therapy for prostate cancer

Group B only

Newly diagnosed hormone sensitive metastatic prostate cancer
Has been referred to oncologist for chemotherapy
Has commenced ADT <12 weeks before baseline visit (or due to commence)

Exclusion criteria

All participants

Known to have osteoporosis or other metabolic bone disease, or is receiving bone
targeted therapy (such as bisphosphonate)

Has another systemic disease that affects bone metabolism including; hyperthyroidism,
primary hyperparathyroidism, chronic liver disease, rheumatoid arthritis, inflammatory
bowel disease or chronic malabsorption

Currently taking anti-epileptic medication

Has taken previous hormone treatment in past month (other than ADT)

Has had a fracture or orthopaedic surgery in the past 12 months

Arthritis, previous orthopaedic surgery or abnormality of radius, spine or hip

Any other cancer which could confuse the endpoints of the study

Current or recent (within 1 month) participation in another clinical trial involving a
medicinal product (except STAMPEDE for Group B)

Group A

Takes oral systemic corticosteroids

Group B

Known to have bone metastases involving radius at baseline visit
Taking in excess of 2mg dexamethasone or 10mg prednisolone daily ( this does not
include steroids given alongside chemotherapy)

Group C

Takes oral systemic corticosteroids
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Identification of potential participants
From urology clinics within Sheffield Teaching Hospitals (Group A), oncology clinics at Weston
Park Hospital (Group B) and database of healthy volunteers or advertising (Group C)

\
Group A Group B
Men with localized or locally Men with metastatic prostate cancer on Group C
advanced prostate cancer starting ADT for <3months and due to have Age-matched healthy controls
ADT chemotherapy Y,
[ Visit 1: Baseline assessment \

* Informed consent, height and weight
*  Fasting blood tests: urea and electrolytes, thyroid function, testosterone, oestradiol, SHBG, vitamin D, CTX, PINP,
osteocalcin, TRAP5b and sclerostin
*  Bone health questionnaire
»  Assessment of muscle function: grip strength, short physical performance battery score
* Imaging
i) DXA scan: whole body, lumbar spine, hip, body composition (all groups)

ii) Xtreme HR-pQCT distal radius (all groups)
\ iii) High resolution CT T12 vertebra (Groups A and C only) /
Telephone consultation (6 months)
Changes to general health or regular medications

R 2

Visit 2: Follow-up assessment (12 months)
All assessments and scans as per baseline visit for participants in each group

Figure 11: The ANTELOPE study assessment schedule.

An overview of the assessment process required for each participant. Two study
visits were required, with a 6 month telephone call to ensure that the participant

is eligible and willing to continue participation.
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2.2.6 Study assessments and schedule

A summary of the study assessments is shown in figure 11. After an overnight fast,
all study visits took place in the morning.

2.2.6.1 Anthropometric measurements

Anthropometric measurements were taken using a Harpenden stadiometer to
measure height (to the nearest 0.1cm) and weight in kilograms (to the nearest
0.1kg), and body mass index (BMI) was calculated. Any participant found to have a
BMI greater than 35kg/m? or less than 18.5kg/m? was excluded from further
assessment and study participation.

2.2.6.2 Prostate cancer and treatment details

Details of PC diagnosis and staging for participants in groups A and B were obtained
from electronic and paper clinical records by a study clinician, and also from the
Sheffield Teaching Hospitals NHS Foundation Trust ICE laboratory reporting system.
Information regarding prostate cancer treatment was obtained from electronic
clinical records, from Aria radiotherapy software (group A) and from Chemocare
prescriptions (group B).

2.2.6.3 Serum samples

A fasting 16ml blood sample was obtained. 5ml was collected in a SST tube and
sent to the biochemistry laboratory within Sheffield Teaching Hospitals for real
time measurement of serum urea and electrolytes and thyroid function. The
remaining sample was left to clot for 30 minutes and centrifuged for 10 minutes at
3000 rpm at 4°C. Serum was divided into 0.25 ml aliquots and labelled with
anonymised participant information. Samples were stored at -80°C at the NGH
Clinical Research Facility, and were transferred in batches to the Sheffield Teaching
Hospitals NHS Foundation Trust HTA licensed biorepository (license number 12182)
at the Royal Hallamshire Hospital.

Batch analysis of serum samples from baseline and 12 months was undertaken at
the end of the study. Testosterone, oestradiol and SHBG were measured using the
Cobas e801 automated electrochemiluminescent immunoassay (ECLIA, Roche
Diagnostics, Penzberg, Germany) in the biochemistry laboratory at the Royal
Hallamshire Hospital.

The remaining serum tests were undertaken in the bone biochemistry laboratory
within the Academic Unit of Bone Metabolism, University of Sheffield. The inter-
assay coefficients of variation were <5% for all tests. The biomarkers of bone
turnover (CTX and PINP), osteocalcin, and vitamin D were measured using the
Cobas e411 automated ECLIA (Roche Diagnostics, Penzberg, Germany. Sclerostin
was measured using an enzyme-linked immunosorbent assay (ELISA) (Cat no: BI-
20492, Biomedica, Vienna, Austria), and TRAP5b was measured using the
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BoneTRAP® ELISA (Cat no: SB-TR201A, Immunodiagnostic Systems Ltd, Boldon,
United Kingdom).

2.2.6.4 Bone health questionnaire

Participants were asked to complete a bone health questionnaire. This included
guestions regarding fracture risk factors, medical history, drug history, calcium
intake, family history of osteoporosis, and frailty screening questions.

2.2.6.5 Tests of muscle function

After a light meal, grip strength was measured using a digital hand dynamometer
(Seahan Corp., Masan). Participants were seated, their forearm was held at 90
degrees to the upper body and their wrist not rotated when the measurement was
taken. Each participant was asked to hold their maximum grip for 5 seconds, which
was repeated three times for each hand with at least 30 seconds rest in between.
The maximal grip strength from all six measurements was used for analysis.

Proximal muscle function was assessed using a chair stand test. Each participant
sat on a chair with their feet on the floor, knees flexed and with their arms folded
across their chest. They were asked to stand and sit five times without stopping, as
quickly as possible and the time taken for the 5 stand and sit cycles was recorded
to the nearest one hundredth of a second. If the participant was unable to
complete 5 cycles, this was recorded along with the number of completed cycles.

The short physical performance battery (SPPB) score was calculated from a six
metre walk, a narrow walk test and chair stand test. For the 6 metre walk, the
participant was asked to walk along a six-metre long, marked course at their
normal pace. The number of steps and time taken was be recorded for two
attempts, and the average time was recorded (to the nearest one hundredth of a
second). The six metre course was subsequently narrowed to a width of 20cm, and
each participant was asked to walk along and keep their feet within the marked
lines. The narrow walk test was repeated three times, and the average time taken
was recorded to the nearest one hundredth of a second. Deviations from the
narrow path were documented.

The total SPPB score (potential range 0-12 points) was calculated once all
participants had completed all study assessments and was based on three
components. Quartiles of repeated chair stand times were determined, those in
the best performing quartile were awarded 4 points, down to 1 point for those in
the poorest performing quartile. Individuals that were unable to complete 5 cycles
scored 0. Average gait speed results were also divided into quartiles, 4 points were
awarded to the quartile with the fastest average time, down to 1 point for the
guartile with the slowest gait speed. Participants unable to complete a 6m walk
scored 0. Balance was assessed using a narrow walk test and an ordinal scale; those
able to complete the test with three or fewer deviations scored 4 points, those



-92 -

completing the walk but with more than 3 deviations scored 2 points, and those
not able to complete the test scored 0 points.

2.2.6.6 Frailty assessment

Frailty was defined using criteria from the Fried phenotype model (table 11). The
five elements of this are; slow gait speed, exhaustion, low physical activity,
unintentional weight loss and poor grip strength. Frailty is associated with the
presence of 3 or more of these, those with 1 or 2 elements present are considered
pre-frail or vulnerable.
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Table 11: Definition used for frailty

Frailty criteria Definition used

Weight loss Unintentional weight loss of >5% or >4.5kg in the past year

Handgrip strength Adjusted by BMI in males

BMI <24kg/m?: <29kg
BMI 24-28kg/m?: <30kg

BMI >28kg/m? <32kg

Slowness 6m walk test, gait speed <0.8metres/second
Exhaustion Self-reported using center for epidemiologic studies
depression scale (CES-D)
Low physical Self-reported, using SF-36 questions.

activity Answers of ‘limited a lot’ considered as low activity.
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2.2.7 ANTELOPE bone imaging procedure
2.2.7.1 DXA

Image acquisition and quality control

All study participants underwent DXA at the lumbar spine, total hip and whole body
(using a postero-anterior projection) using the Hologic densitometer at the NGH
Clinical Research Facility. This scanner uses a switched-pulse dual-energy (low
100kVp / high 140kVp) x-ray system with a maximum current of 10mA and has a
multi-element detector array. The estimated dose of radiation associated with this
procedure is 31uSv. The principles of DXA have been described previously. All
scans were performed by two highly trained operators with standardised protocols
for acquisition and analysis. The DXA scanner underwent daily quality using Hologic
device-specific phantoms to ensure precision and stability. A weekly calibration
scan of a step phantom (this contains 6 fields of acrylic and aluminium of different
thicknesses and known absorptive properties) was undertaken to ensure accurate
soft tissue assessment during the whole body DXA. A European spine phantom
(QRM—quiality assurance in radiology and medicine, Moehrendorf, Germany) was
scanned weekly. The Hologic scanner automatically informs the operator if there
are abnormalities related to quality control.

Study procedure

Representative images are shown in figure 12. The whole body DXA scan was
undertaken with the participant in a supine position, with their head at the top of the
table, their arms by their sides and their legs slightly separated. The scan operator
ensured that the anterior superior iliac spines were equidistant from the table top to
avoid rotation at the pelvis and feet. The operator also ensured that the participant
was positioned within the scan line limits, and the sub-region defining lines were
positioned in accordance with HologicQDR User Guide instructions.

The DXA procedure for the hip scan required each participant to lie in a central and
supine position with their head in the head positioner and feet either side of the
hip positioner. Both arms were folded across the chest away from the scan field.
The scan operator ensured that the proximal femur was within the scan line limits,
the hip was internally rotated by approximately 25 degrees and the leg abducted.
An express scan ensured that positioning and the scan field were correct, and that
the femoral shaft was straight. The array mode was used for the definitive scan
which extended for at least 3cm below the greater trochanter up to the pelvis
above the femoral head. The image was analysed, the global region of interest was
positioned manually and the bone map was identified. The midline was placed on
the central axis of the hip, the neck box close to the greater trochanter and the
trochanteric line below the curve of the greater trochanter, with equal amounts of
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soft tissue included on either side of the femoral neck. The Ward’s triangle box
was positioned automatically by the scan software.

Lumbar spine DXA was undertaken with the participant in a supine, straight and
central position and their legs elevated over the spine positioning block (to reduce
lumbar lordosis). The operator ensured that the lumbar spine was within the scan
line limits on the table and that there was no rotation. An express scan confirmed
correct positioning. The array mode was used to scan from the L5 vertebra down to
mid-T12 level to ensure that the complete L1-L4 region was included. The image
was analysed; the global region of interest was positioned with the top and bottom
borders at the T12-L1 and L4-L5 intervertebral spaces respectively, and angled to
accommodate the shape of the vertebrae. The lateral borders were not altered.
The bone map was identified, and vertebral lines were placed within the lumbar
intervertebral spaces. The decision to exclude vertebrae from the region of
interest for BMD analysis was done in accordance with recommendations from the
Royal Osteoporosis Society %37, Vertebra with obvious abnormalities such as
fracture or bone metastasis were excluded. A T-score difference of more than 1
standard deviation between adjacent vertebrae was also indicative that the BMD
was likely to be inaccurate. A minimum of two evaluable vertebrae were required
for analysis. One participant in group B had extensive lumbar vertebral metastases
at baseline, and was excluded from further participation. The compare facility was
used for follow-up scans, to identify comparable regions of interest.

Image analysis

The bone area (cm?), BMC (g) and mean areal BMD (g/cm?) were determined for
the lumbar spine, whole body and total hip, and whole body and regional fat and
lean mass were derived using Hologic Apex software (version 3.4.2). The T scores
were calculated in accordance with recommendations by the International
Committee for Standards in Bone Measurement %38, DXA images and T score results
were reviewed before the end of each baseline visit; participants found to have
abnormal results were to the metabolic bone unit for further assessment and
excluded from further participation.
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Femoral neck region

Ward’s triangle

Figure 12: Patient positioning for DXA and example images.

Lumbar spine (top row images) and hip/ neck of femur (second row images). For
the lumbar spine, participants were scanned in a supine position, with legs
elevated over the spine positioning block, with an upper leg/table angle of
approximately 45 degrees. An example of the region of interest is shown in the
top right hand side image; including the L1-L4 vertebrae. Positioning for the
femur/hip scan involves internal rotation of the proximal femur by 25 degrees
with the leg abducted (lower left image). Application of the bone map/ global
region of interest to a hip/femur DXA image is shown in the lower right image,
with Ward’s triangle and the femoral neck region shown by the blue arrows.
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2.2.7.2 High resolution peripheral quantitative computed tomography

Image acquisition and quality control

Bone density and microstructure were assessed at the distal non-dominant radius
in all participants at baseline. A high resolution peripheral quantitative computed
tomography (HR-pQCT) scan was undertaken, using the Xtreme CT scanner (Scanco
Medical AG, Bassersdorf, Switzerland) at the NGH Clinical Research Facility. This
scanner has a 2-dimensional detector array and a 0.08mm point-focus x-ray tube.
The standard operational settings were used; an x-ray tube potential of 60 kVp, an
x-ray tube current of 95 mA, and an integration time of 100 ms, with an average
scan duration of 2.8 minutes. A stack of parallel CT slices (110 slices) are acquired
over a 150mm scan length and diameter, which produces 3-dimensional high
resolution images with a voxel size of 82um.

Quality control (QC) of the HR-pQCT measurements was ensured by daily
calibration using the manufacturer device-specific phantom (Scanco Medical AG,
Zurich, Switzerland). This has a soft tissue density (Omg/HAcm?) and hydroxyapatite
rods at 100, 200, 400 and 800 mg Omg/HAcm3embedded in resin. In comparison to
the standard QC procedure which recommends that the error for the highest
density rod error is within 1%, the error for the highest HA density rod was towards
the lower limit for the duration of the study period. All scans were performed by
two highly trained operators who followed standard operating procedures.

Study procedure

For each scan, participants were seated, and the operator placed their hand and
lower forearm into a carbon cast which was secured with straps and an arm pad
provided stability (figure 13). The operator ensured that the arm was in line with
the opening of the scanner gantry. Participants were asked to remain as still as
possible during the scan to minimise motion artefact. A scout view scan prior to the
main scan identified anatomical landmarks and determined the region of interest.
A reference line was placed on the endplate of the distal radius to indicate the
position of the first measurement slice (9.5mm from the reference line, shown in
figure 13).

Upon completion of the scan, the carbon cast was removed and the scan quality
was evaluated by the operator. Image slices were visually inspected and graded,;
grade 1 (no movement, clear image), grade 2 (slight movement, small streaking),
grade 3 (moderate movement, large streaking particularly near the cortex) or grade
4 (significant movement, unacceptable image with discontinuity at the cortex) ©3°.
Examples of grade 1-4 movement are shown in figure 14. One repeat scan was
permitted if the grade was 2-4 and movement artefact affected the quality of the
first scan. Any participant who had unacceptable movement artefact (grade 4
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images after 2 scan attempts) had their scan excluded from analysis, and did not
have a scan at the follow-up study visit.

Image reconstruction and analysis

Images were reconstructed using the standard protocol provided by the
manufacturer. This includes a beam hardening correction to mitigate artefacts
caused by preferential attenuation of low energy beams, which is commonly
associated with polychromatic x ray sources. The corrected reconstructed
attenuations were mapped onto a blank matrix to yield an isotropic voxel size of
82um.

Images were analysed with the manufacturer’s standard software for bone
microarchitecture (Scanco Medical AG, version 6.0), and the extended analyses for
cortical porosity and FE estimation of bone strength (summarised in table 12).
Images were segmented by a skilled operator, who drew a contour around the
periosteal boundary on the first image. The automated contouring detection
algorithm was run through the slice stack, and was stopped and checked at 10-20
slice intervals to check the quality of the edge detection. Where this was not
satisfactory, the boundary was manually adjusted, and slices were reconstructed
into a three-dimensional image. A validated auto-segmentation method was used
to separate cortical from trabecular bone, and images were then analysed using
the ‘Evaluation 3D’ option to produce estimates of vBMD as well as trabecular and
cortical parameters. Measurements of trabecular bone microstructure are
computed, rather than measured directly, due to the closeness of the physical
dimensions of individual trabeculae (approximately 200um) to the spatial
resolution (120-150um).
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Figure 13: Patient positioning for DXA and example images.

HR-pQCT participant positioning with left radius in Xtreme CT scanner gantry (left), example three dimensional re-constructed

radius images (centre) and scan region of interest (right).
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1 2 3 4 5
No visible motion Very slight artifacts. Some artifacts. Large horizontal Major horizontal
artifacts. Horizontal streaks at  Horizontal streaks are  streaks are visible. streaks are visible.
the upper and lower  visible, but cortex is  Cortex continuity is ~ Complete disruption of
ends are visible. intact. moderately disrupted ~continuity of the cortex
at places and and trabecular
trabeculae are structure.
smeared.

Figure 14: Motion artefact grading used for HR-pQCT scan analysis.

Grading system for HR-pQCT image quality and motion artefact ®4°. Where possible, images are required to be grade 1 for analysis.

Image taken from Whittier et al ®4° with permission from publisher.
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Table 12: ANTELOPE outcomes of interest from HR-pQCT

separation (mm)

Outcome (units of Abbreviation Description
measurement)
Bone area
Total bone area (mm?) Tot.Ar Mean surface area of the
cortical and trabecular
compartments
Cortical area (mm?) Ct.Ar Mean surface area of the
cortical compartment
Trabecular area (mm?) Th.Ar Mean surface area of the
trabecular compartment
Bone density
Total volumetric bone | Tot.vBMD Total mineral mass divided by
mineral density the total bone volume
(mgHA/cm?3)
Cortical volumetric bone Ct.vBMD Cortical mineral mass divided by
mineral density the cortical volume
(mgHA/cm3)
Trabecular volumetric Tb.vBMD Trabecular mineral mass divided
bone mineral density by the volume inside the cortical
(mgHA/cm?3) bone
Cortical parameters
Cortical thickness (mm) Ct.Th Mean thickness between the
periosteal and endosteal surfaces
Cortical porosity (%) Ct.Po Percentage of cortical area occupied
by pores
Cortical perimeter (mm) Ct.Pm Distance covered by the perimeter
of the periosteal surface
Trabecular parameters
Trabecular number Tb.N Mean number of trabeculae per
(mm?) mm within the trabecular
compartment
Trabecular thickness Tb.Th Mean thickness of trabeculae
(mm) within the trabecular
compartment
Trabecular spacing/ Tb.Sp Mean distance between

trabeculae within the trabecular
compartment
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Trabecular bone volume | App.BV/TV Division of Tb. vBMD by an
fraction (%) assumed 100% mineralisation of
1200mg/HA/cm
Finite element analysis
Bone stiffness (kN/mm) | - Resistance to deformation when
applying a load; total reaction
force divided by displacement
Estimated ultimate failure | Est.Fail.Load The maximal load that a bone
load (kN) can bear before fracture.
Mean trabecular von Tb.VM Indicates whether combined
Mises stress (MPa) stresses in the x, y and z directions
in the trabeculae will cause failure
Mean cortical von Mises Ct.VvM Indicates whether combined

stress (MPa)

stresses in the x, y and z
directions in the cortex will
cause failure

Proximal trabecular/
cortical load (%)

The distribution of the load
between the proximal cortical
and trabecular compartments

Distal trabecular/ cortical
load (%)

The distribution of the load
between the distal cortical and
trabecular compartments
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2.2.7.3 HR-CT T12 vertebra

Participants in Groups A and C underwent HR-CT of the T12 vertebra. Those in
group B were expected to have a high frequency of spinal bone metastases (which
would preclude analysis) and did not undergo this assessment. Images were
obtained using the GE Healthcare LightSpeed 64VC CT scanner General Electric
Healthcare, Buckinghamshire, UK) in the medical imaging department at the
Northern General Hospital, Sheffield. With 64 detector elements and a scintillation
detector array system, this scanner converts the incident x ray beams into light
energies that are detected by a photo diode and used to generate an image.
Quality assurance was performed once per month using a Mindways phantom
(Mindways Software, Inc., Austin, TX, USA). All scans were performed in the
anteroposterior position, using the same noise index. The HR-CT protocol included
a single scan from the superior edge of the T12 vertebra to the T12/L1 margin. The
tube voltage was 120kV and the mean tube current was set at 360mAs to produce
reconstructed images with a voxel size of 187um and slice thickness of 300-500um.
Three dimensional reconstruction of the HR-CT scans was performed using the
Mindways QCT Pro™ software version 5.0.3 (Mindways Software, Inc., Austin, TX,
USA).

2.2.8 Study data management

All ANTELOPE data were secured in accordance with the 1998 Data Protection Act.
Anonymised study data were entered into a study database held on a secure server
at the Cancer Clinical Trials Centre (CCTC) at Weston Park Hospital. Paper case
report forms were stored securely in locked offices, initially at the NGH Clinical
Research Facility during the study and have been subsequently transferred to and
stored at the CCTC at Weston Park Hospital.

2.2.9 Outcomes of interest

The primary and secondary outcomes of ANTELOPE are summarised in figure 15.
The overall aim of the study was to characterise the 12 month change in bone
density and structure in men receiving ADT (groups A and B) compared with
healthy controls (group C). The primary outcome was the 12 month change in
volumetric bone mineral density (vBMD) measured using HR-pQCT at the distal
radius. Secondary aims were to determine the 12 month change in bone
microstructural parameters, bone stiffness and bone strenth at the radius, the
change in areal BMD (by DXA) at the lumbar spine, total hip, neck of femur and
whole body, and the change in vBMD at the T12 vertebra (by HR-CT). Additional
measurements included the 12 month change in serum BTM and sex hormones,
changes in body composition (DXA), grip strength and changes in physical and
muscle function (SPPB score) over 12 months. The baseline ANTELOPE visit was
also used to identify men that would meet criteria for frailty, and also determine
their 10 year risk of fracture using FRAX.



- 104 -

4 N\
Primary outcome: Change in vBMD at distal radius in groups A and B (ADT) vs C (no ADT)

(& J
I N\
Secondary outcomes:

Secondary outcomes: body composition and Secondary outcomes:
Bone muscle function Other
< 4

/ Change In cortical vBMD and \ / N / \

microstructure at the radius using HR-

paCT ) Change in bone turnover markers CTX,
Change in BMI PINP, Osteocalcin, sclerostinand
Trap5b
5 Change in trabecularv_BMD _and Change in trunk and arm lean and fat -
L chirsat e radiususing HiS mass from total body DXA Change in serum sex steroids
pacT

oestradiol, testosterone and SHBG
Change in grip strength
Change in bone stiffness and strength Betoriorationy o o
at the radius using HR-pQCT derived Slerorationin pEEosTance stat >

Change in SPPB score
finite element measures : S
Frailty status at baseline

Change in vBMD at T12 using HR-CT . . 2
(Groups and €) Baseline fracture risk assessment with
and without BMD using FRAX

Change in areal BMD (by DXA) at the Correlation of changes in bone

lumbar spine, total hip, neck of femur parameters and body composition
an'd whole l;ody with changes in sexhormones

A 4 . 4

Figure 15: ANTELOPE primary and secondary outcomes.

The primary outcome was the 12 month change in vBMD at the distal radius in
group A compared to group C. Secondary outcomes related to bone endpoints,
changes in body composition and muscle function, strength, frailty and changes in
sex hormones and biomarkers of bone turnover.
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2.2.10 ANTELOPE statistical analysis

Statistical analysis was carried out using SPSS. Summary statistics (mean, standard
deviation, median, interquartile range, and range) were calculated for all
measurement both overall and within groups. Independent sample t tests were
used to compare fracture risk between groups. BMD, microarchitecture, FEA and
body composition measurements were then compared between the ADT and
control groups using independent samples t-tests. The serum biomarker and
hormone measurements were skewed, so comparisons were made using Mann-
Whitney U tests.

There were two approaches to the analysis. The first investigated the change from
baseline. For the bone density, microstructure and body composition
measurements, the changes from baseline were approximately normally
distributed, and the mean change and 95% confidence interval were calculated
within each group. Changes in measurements were then compared between the
ADT and control groups using repeated measures ANOVA. The interaction
between group and time were tested to see if the change from baseline differed
between groups. Serum biomarker and hormone data changes from baseline were
more skewed, and the Hodges-Lehmann median difference and 95% confidence
interval were calculated.

The second approach to analysis used analysis of covariance (ANCOVA) to compare
measurements between the ADT and control groups. Each model included the 12-
month measurement as the dependent variable, a fixed factor for group, and the
baseline measurement as a covariate. An additional model was also tested,
adjusting for age and BMI. For the bone density, microstructure and body
composition measurements, the assumptions of the model were met and the
difference in means was presented along with a 95% confidence interval. For the
serum biomarker and hormone data the residuals from the ANCOVA models were
skewed and there was some evidence of hetroskedasticity so the measurements
were log transformed. The difference between groups was then presented as the
ratio of geometric means along with a 95% confidence interval.
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Chapter 3: ANTELOPE results (I) the effect of androgen deprivation on
mobility, muscle mass and function and bone biomarkers

This chapter will present the ANTELOPE study results from the screening and
recruitment process. It will also describe participant demographic details and PC
details for the ADT groups. Data regarding bone health risk factors and fracture
risk, frailty, changes in physical function and body composition will be presented,
along with results of hormone measurements and biomarkers of bone turnover.
Data regarding the effect of ADT on bone density, microarchitecture and finite
element estimation of bone strength will be presented in chapter four.

3.1 Screening and recruitment

A total of 151 potentially eligible participants were screened between December
2016 and November 2018. Fifty two men (34.4%) did not subsequently participate
in the study (figure 16). A total of 99 potentially eligible participants underwent a
baseline study assessment.

A summary of study recruitment and screening for all participants is shown in
figure 16 (all participants) and table 13 (by group). Thirty eight men with newly
diagnosed localised or locally advanced PC were recruited to group A (ADT group)
from urological oncology clinics at the Royal Hallamshire Hospital. These men all
consented to study participation and attended the clinical research facility for their
first study visit. The baseline assessment excluded seven individuals in this group
from further participation. Three men were found to have a BMI greater than
35kg/m?. Based on DXA images, four men were found to have an undiagnosed
metabolic bone disorder and these individuals were referred to the metabolic bone
unit for further assessment. Of the 31 participants in group A that remained on
study, two individuals chose not to attend their 12- month follow-up visit,
therefore 29 group A participants completed all study assessments.

Thirty potentially eligible participants with newly diagnosed hormone sensitive
metastatic PC were recruited to group B (chemotherapy with docetaxel/
prednisolone and ADT) from medical oncology outpatient clinics at Weston Park
Hospital. Five of these were excluded at the baseline visit; of these one individual
had a BMI greater than 35kg/m?; and two were found to have osteoporosis and
were referred appropriately. One participant became unwell during the baseline
visit due to an acute coronary syndrome, and required emergency medical
treatment. One participant had extensive metastatic bone involvement of the spine
that precluded accurate estimation of bone density and microstructural
parameters, and was excluded. Of the 25 men on study after the baseline visit,
seven were lost to follow-up; five died, one was too unwell due to spinal cord
compression, and one chose not to attend for the second visit. One participant had
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his second study visit brought forwards (as per protocol) due to progressive disease
and the need to start bone targeted treatment. A total of 18 men in group B
completed all study assessments.

A total of 31 healthy participants were recruited to Group C. These included men
that responded to advertisements as well as volunteers from an existing database.
Group C participants were matched to group A by age (+ 5 years), height (£ 5cm)
and BMI (+ 5kg/m?), this was achieved for 26 of the 29 men in group A. One
participant had a BMD diagnostic of osteoporosis and was excluded from further
participation and referred to the metabolic bone unit. Of the 30 participants on
study after baseline assessment, two were lost to follow-up and 28 group C
participants completed all study assessments.
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Did not participate n=52
Declined n=28
Ineligible n=20
Too unwell n=2

Unable to contact n=2

Potentially eligible participants screened
n=151

I

Participants assessed at baseline
n=99

Excluded at baseline n=13
Osteoporosis n=6
Paget’s disease n =1
BMI out of range n= 4
Acute coronary syndrome during visit n=1
Extensive metastatic bone disease n=1

Il

Participants that completed baseline visit

Lost during follow-up n=11
Participant choice n= 3
Unable to contact n=2

Too unwell n=1

Deceased during follow-up n=5

I=
[l
=]
[=))]

Participants that completed 12 month
study visit n=75
Group A =29
Group B =18
Group C=28

Figure 16: Summary of ANTELOPE screening, recruitment and retention

The total number of participants screened, assessed and completing the study
assessments are shown on the left side, with the reasons for exclusion or losses to

follow-up on the right side. A summary by group is shown in table 13.
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Table 13: Summary of screening and recruitment by study group

Group Number Exclusion at baseline Lost to follow- Total
assessed up completed
at
. Number Reasons
baseline
A 38 7 High BMI (3) Participant 29
(ADT) Paget’s (1) choice (2)
Osteoporosis (3)
B 30 5 High BMI (1) Died (5) 18
(ADT/chemo( Osteoporosis (2) Participant
glucocorticoi .
. choice (1)
ds) Spinal bone
metastases (1) Too unwell (1)
Unwell at study
visit (1)
C 31 1 Osteoporosis (1) Unable to 28
(controls) contact (2)
Total 929 13 11 75

number
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3.1.1 Baseline assessment
3.1.1.1 Participant demographics

At baseline, the average age of participants in all study groups was 72 years and the
majority (97%) were white British (table 14). Average height, weight and BMI were
similar between study groups. The majority of participants (92%) had a WHO

performance status of 0 and 20% of group B had a performance status of 1.

Polypharmacy (5 or more prescribed medications) was present in one third of all
participants, and was more common in group A and B than in group C. For all study

participants, the mean number of prescribed medications was 4.26 (SD 2.55).
3.1.1.2 Bone health and fracture risk

Risk factors for fracture were determined from the bone health questionnaire and
anthropometric measurements (table 15). The majority of participants (95%) were
non-smokers at the time of the baseline assessment. The average number of units
of alcohol consumed per week was 9.4 (SD 11.10). Total alcohol consumption was
greatest in group B (mean 12.46 units per week), but this was not significantly
more than groups A and C. There were no significant differences between groups
with regards to dietary calcium intake and sunlight exposure. Only 5 and 14 (5%
and 16%) of all study participants reported taking vitamin D and calcium
supplements, respectively.

FRAX was used to estimate the 10-year risk of hip fracture and major osteoporotic
fracture (MOF) in all participants at baseline. The risk was calculated both with, and
without BMD data (table 14), and did not include ADT as a risk factor for secondary
osteoporosis.

There was no difference in the risk of hip fracture between study groups. In group
A, the risk was 1.62% with BMD and was 2.74% without, compared to a risk in the
control group of 1.61% with BMD (p=0.98) and 2.47% without BMD (p=0.06). The
hip fracture risk in group B was 2.17% with, and 2.61% without BMD (p values of
0.41 and 0.79 respectively compared to the control group).

The 10-year risk of MOF was 5.22% in group A, which increased to 6.60% without
BMD, and there was no difference in MOF risk between groups A and C (p=0.06
with BMD and 0.39 without). In group B, the risk of MOF was similar to group C
without BMD (p=0.99) but when BMD was included there was a significantly
increased risk of MOF in group B compared to group C (p=0.004).

We used UK National Osteoporosis Guideline intervention thresholds, which are
age-dependent and based on the fracture risk in a woman with a previous fracture,

in whom BMD is not known #4’. In our study population, more than three quarters
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of all study participants were classified as above the intervention threshold for
bone targeted treatment. The proportion of participants that required intervention

was not higher in the ADT groups compared with the control group.
3.1.1.3 Prostate cancer details

Details of PC diagnosis and staging were obtained from clinical records for
participants in groups A and B and are summarised in table 16. Those in group A
had a median PSA of 27.4ng/ml at diagnosis, two thirds had a Gleason score of 8 or
9, and the majority had T3 disease. Four participants in this group had loco-regional
lymph node involvement (N1). A total of twenty seven participants in group A
received radical radiotherapy to prostate or prostate and pelvis during the study

period.

Group B participants had a median PSA of 98.6ng/ml at diagnosis, all had
metastatic disease and 21 participants had bone involvement. Of those who had a
biopsy, 90% had a Gleason score of 9 or more. All participants received
chemotherapy as planned, although 3 participants received fewer than 5 cycles due
to disease progression or unacceptable toxicity. The median dose of prednisolone
(or equivalent glucocorticoid) that was given to participants during the period of
chemotherapy treatment was 2460mg (range 820mg-2460mg).

3.1.1.4 ADT administration and timing

All group A participants had started continuous ADT with an expected duration of
at least 3 years, and the median duration of ADT before the baseline visit was 20
days (range 2-32 days). The majority of participants were treated with a LHRH
agonist and initial anti-androgen. Group B participants were mostly treated with
degarelix, and had initiated this a median of 57 days (range 0-82 days) prior to the
baseline study visit.
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Table 14: Participant demographics at baseline

Group A Group B Group C Difference
n=31 n=25 n=30 between
groups
(ANOVA)
Median age 73 71 73 p=0.8
(range) (64-82) (56-78) (53-82)
Height in cm 173.9 172.1 175.1 p=0.69
(median, range) | (160.7-191.1)  (163.1-190.4)  (159.8-192.3)
Weight in kg 81 81.3 81 p=0.73
(median, range) (60.3-119) (56.7-103) (58-116.2)
BMI (kg/m?) 26.9 26.8 26.3 p=0.59
(median, range) (21.9-34.4) (19.8-32.5) (20.4- 34.9)
Prescribed medications 5 4.2 3.5 p=0.078
(mean, SD) (3.2) (1.9) (2.1)
Polypharmacy 15 11 9 p=0.03
(48.4%) (44%) (30%)
Performance status
0 29 20 30
1 2 5 0
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Table 15: Baseline risk factors for fracture, and risk calculation

All Group A Group B Group C
Fracture risk factor (n=86) (n=31) (n=25) (n=30)
History of major fracture 9 0 3 6
Parental history of hip fracture 16 5 6 5
Smoking status Current 6 2 2 2
Ex-smoker <5 years 4 0 2 2
Ex- smoker >5 years 43 15 10 10
Never 36 14 11 11
Alcohol consumption
Mean number of units per week 9.42 8.06 12.46 8.40
More than 21 units per week (%) 12 (14) 3(10) 5(20) 4(13)

FRAX 10-year risk *

MOF risk without BMD | 7.02(3.06)  6.60(2.62)  7.24(3.43) 7.25(3.22)

MOF risk with BMD | 5.99 (3.12) 5.22(2.5) 6.69 (3.92) 3.92(2.89)
#

Hip fracture risk without BMD | 2.60 (2.20) 2.74 (2.64) 2.61(2.48) 2.47(1.34)

Hip fracture risk with BMD | 1.78 (2.36) 1.62 (2.13) 2.17(3.42) 1.61(1.33)

NOGG intervention thresholds
Number (%) with risk above 67 (78) 20 (64.5) 21 (84) 26 (86.7)
intervention threshold

Risk profile without BMD

Number with 10 year risk of MOF >220% 1 0 0 1
Number with 10 year risk of MOF 10-20% 12 5 4 3
Number with 10 year hip fracture risk >5% 9 4 3 2

*Results are mean values and standard deviation, unless otherwise specified

# p<0.05 between the two values, from independent sample t test
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Table 16: Prostate cancer staging and treatment in group A and B participants

Group A

Group B

PSA at diagnosis

Cancer stage at diagnosis

Gleason score at diagnosis

Sites of metastatic disease

Type of ADT

Duration of ADT at baseline

Radiotherapy

Chemotherapy

Dose of prednisolone given

during chemotherapy

Median (range)
T2NOMO
T3NOMO
T3N1IMO
T3NOM1
T3N1M1
T4ANOM1
TAN1IM1
TAN2M1

Score available

Total score 10

Total score 9
Total score 8
Total score <7
Bone
Distant lymph nodes
LHRH antagonist

LHRH +
antiandrogen

Median (range,
days)

None
Prostate
Prostate and pelvis
None
1-4 cycles
5 cycles
6 cycles
Unknown

Median (range)

27.4(2.3-222.3)
3
24
4

29 (94%)

17
4

30

20
(2-32)

25
31

98.6 (4.0-2547)

20 (80%)
1
17
1
1
21
5
17
8

57
(0-82)
25

1
20
1
2460mg
(820-2460mg)
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3.1.1.5 Mobility, falls and frailty

Only one participant in group A used a walking aid at baseline. At the 12-month
study visit, 2 participants in group A and 4 in group B reported using a stick most or
all of the time. At baseline, 12 participants had fallen at least once in the preceding
6 months.

At baseline, frailty was present in 32% and 10% of group B and C respectively, and
no participants in group A met the criteria for frailty (table 17). At 12 months, the
prevalence of frailty increased substantially in groups A and B from baseline, and
almost all participants were either frail or pre-frail (figure 17). In group C, there was
a slight increase in the number of participants who were pre-frail or frail (15 at
baseline and 17 at 12 months).
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Table 17: Prevalence of frailty at baseline and at 12 months

Group A Group A Group B Group B Group C Group C
baseline 12 months baseline 12 months baseline 12 months
Number assessed 31 29 25 18 30 28
Frail (%) 0 13 (44.8%) 8 (32%) 7 (38.9%) 3 (10%) 2 (7.1%)
Pre-frail / 2 (6.5%) 15 (51.7%) 9 (36%) 10 (55.6%) 12 (40%) 15 (54%)
Vulnerable (%)
Fit (%) 29 (93.5%) 1 (3.4%) 8 (32%) 1 (5.6%) 15 (50%) 11 (39%)
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Figure 17: The prevalence of frailty.

The proportion of participants identified as frail (red), pre-frail (light blue) and fit
(darker blue), shown by study group at baseline and at 12 months. The proportion
of frail patients increased, most notably in groups A and B from baseline to 12
months.
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3.1.2 Assessment of muscle function and strength

An overall summary of the results from the assessment of maximal grip strength
and the SPPB is shown in tables 18 and 19, and figure 18.

At baseline, the maximal grip strength was similar between study groups. Over 12
months, grip strength deteriorated in all groups. Loss of grip strength was greatest
in groups A and B (mean losses were 4.3kg and 3.2kg respectively) and the average
loss was 0.4kg in Group C. Comparison of the 12-month change in groups A and C
using an ANCOVA model to adjust for baseline grip, age, and BMI found that those
in group A experienced significantly greater loss of grip strength, with a mean
difference of -4.9Kg (95% CI -7.3 to -2.5kg, p<0.001). Group B were not compared
to group C using the ANCOVA model, as some of the biochemistry and
microstructure data differed significantly from group A, and the number of group B
participants that completed the study was lower than the recruitment target.

All participants scored a maximum of 4 points for the balance component of the
short physical performance battery (SPPB). Therefore, the longitudinal change in
the total SPPB score resulted from differences in the chair stand test and walk test
between baseline and 12 months.

The overall scores (maximum of 12 points) are shown in table 18, and the scores
were similar between groups at baseline. The mean score deteriorated slightly in
group A (-0.55 points), increased slightly in Group B (+0.22 points) and increased by
0.36 points in group C participants. The mean difference between groups A and C
was -1.3 points (95% Cl -2.1 to -0.5 points, p=0.001), and group A experienced a
significantly greater reduction in SPPB score than group A, adjusting for baseline
SPPB score, age, and BMI.
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Table 18: 12-month change in grip strength and SPPB score

Outcome Group A Group B Group C p value
n=29 n=18 n=28 AVsC
Maximal grip strength 31.5 31.9 34.0 0.27"
at baseline (kg) | (7 49y (7.21) (7.13)
Maximal grip strength 27.7 29.8 33.7
at12months (kg) | (4 54) (6.81) (7.14)
Mean change in grip -4.3 -3.2 -0.4 0.01#
strength (kg) (6.28) (4.99) (4.38)
SPPB score at baseline 8.68 8.56 9.63 0.15°
(1.96) (2.04) (1.87)
SPPB score at 12 8.24 8.89 9.89
months | (4 g (2.17) (1.64)
Mean change in SPPB -0.55 +0.22 +0.36 0.063"
score | (2.05) (2.21) (1.52)

Data are mean values and standard deviations. * P-Value from independent samples t-test
comparing group A and C. # p value from repeated measures ANOVA model testing for an
interaction between time and group
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Table 19: Comparison of groups A and C for change in grip strength and SPPB

Outcome Mean difference
between group A Vs C p value*
Mean change in -4.9 <0.001

grip strength (kg) | (9507 ¢ .7.3 10 -2.5)

Mean change in -1.3 0.001

SPPBscore | (9504 €1 -2.1, -0.5)

* Derived from ANCOVA with the 12-month measurement set as the dependent
variable, with a fixed factor for group, and the covariates of age, BMI and baseline
measurement
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Figure 18: 12-month change in maximal grip strength and total SPPB score.

The red line represents group A, the green line represents group B and the blue line

represents group C. The error bars show the 95% confidence intervals.
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3.1.3 Changes in body composition

An overall summary of the results from the assessment of body composition using
DXA is shown in tables 20 and 21, and figures 19 and 20.

The average BMI at baseline measured by DXA was 26.9 (kg/m?), and was similar
between study groups (27.3, 26.3 and 29.9kg/m?), with no difference between
groups A and C. Participants in groups A and B gained BMI over 12 months (average
increases of 0.9kg/m? in group A and 1.1kg/m?in group B), whereas group C
participants had a small reduction of -0.1kg/m?. The mean change in BMI over 12
months was significantly different between groups A and C (p=0.002), and once
baseline measurement and age had been adjusted for, the mean difference was
1.1kg/m? (95% Cl 0.4 to 1.7, p=0.001).

Total fat mass and body fat percentage at baseline was not significantly different
between groups. Over 12 months, groups A and B gained fat mass and body fat
percentage whereas group C lost fat mass and body fat percentage. Group A gained
an average 3286g fat mass (2.8% body fat), whereas group C lost 410g (0.1% body
fat), p<0.001 for both. When adjusting for age and baseline fat mass, the mean
difference in fat mass between groups A and C was 3822g (95% Cl 2425g and
5220g, p<0.001) and the difference in body fat percentage was 3.1% (95% Cl 2.1%
to 4.1%, p<0.001).

Over 12 months, groups A and C lost lean mass and group B experienced a small
gain. The difference between groups A and C was not significant.

Longitudinal analysis of trunk composition found that group A gained trunk fat
mass in group A (+1169g) compared to group C (-296g). The mean difference
between groups A and C adjusted for baseline value and for age was 1530g (95% ClI
648g to 2413g, p=0.001). The greatest gain in trunk fat mass was observed in group
B (1466g). Group B also gained lean mass (190g), whereas groups A and C lost
similar small amounts of lean mass over the study period.

Group A lost lean mass (mean -254g) in upper limbs, and gained fat mass (mean
+587g), whereas changes in group C participants were significantly smaller. The 12
month change in upper limb composition was significantly different between
groups A and C (mean difference -264g for lean mass, 95% Cl -423g to -105g,
p=0.002 and 627g for fat mass, 95% Cl 453g to 803g, p<0.001). Group B also gained
upper limb fat mass (457g), but the lean mass did not change.



Table 20: Baseline and 12 month measures of body composition in all participants

- 123 -

Outcome measure obtained from DXA All Group A Group B Group C p value
n=75 n=29 n=18 n=28 AVsC*
Whole body composition
Body mass index at baseline 26.9 (3.3) 27.3(3.2) 26.3 (3.5) 26.9 (3.5) 0.68
Body mass index at 12 months 27.5(3.3) 28.2 (3.1) 27.4 (3.5) 26.8 (3.3) -
Mean change in body mass index 0.6 0.9 1.1 -0.1 0.002
(95% Cl) (0.3,0.9) (0.5, 1.3) (0.6,1.7) (-0.6,0.3)
Total fat mass at baseline (g) 25,666 (6554) 26,546 (6298) 25,333 (6630) 24,840 (6857) 0.33
Total fat mass at 12 months (g) 27,566 (7183) 29,832 (6557) 28,792 (7521) 24,430 (6566)
Mean change in total fat mass (g) 1900 3286 3259 -410 <0.001
(95% Cl) (1183, 2616) (2383, 4189) (2016, 4503) (-1503, 684)
Total % body fat at baseline 30.6 (4.6) 31.5(4.1) 30.7 (5.1) 29.5 (4.7) 0.09
Total % body fat at baseline 32.2 (5.0) 34.3(3.9) 33.2 (5.3) 29.4 (4.7)
Mean change in total % body fat 1.6 2.8 2.5 -0.1 <0.001
(95% Cl) (1.1, 2.1) (2.2,3.4) (1.6, 3.3) (-0.0,-0.7)
Total lean mass at baseline (g) 57,222 (8287) 57,083 (7459) 56,698 (7880) 58,505 (9474) 0.53
Total lean mass at 12 months (g) 57,132 (8085) 56,597 (7352) 56,836 (7310) 57,876 (9408)
Mean change in total lean mass (g) -390 -486 138 -629 0.74
(95% ClI) (-759, -21) (-1184, 212) (-667,942) (-1128,-129)
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Trunk body composition
Trunk fat mass at baseline (g) 13,319 (4080) 13,693 (4272) 13,118 (3911) 13,061 (4102) 0.57
Trunk fat mass 12 months (g) 14,012 (4174) 14,862 (4145) 14,584 (4194) 12,765 (4032)
Mean change in trunk fat mass (g) 693 1169 1466 -296 0.002
(95% Cl) (287, 1110) (617,1721) (675, 2257) (-1030, 437)
Mean trunk lean mass at baseline (g) | 28.995 (4492) 28,553 (4211) 28,280 (4363) 29,657 (4937) 0.41
Mean trunk lean mass 12 months (g) | 28,789 (4293) 28,344 (3932) 29,010 (3783) 29,109 (5011)
Mean change in trunk lean mass -206 -209 190 -458 0.30
(95% Cl) (-422, 10) (-587, 169) (-280, 661) (-770, -145)
Upper limb composition
Mean lean mass in arms baseline (g) 6860 (1107) 6896 (1081) 6467 (934) 7076 (1201) 0.55
Mean arm lean mass in arms 12 months (g) 6768 (1123) 6643 (1056) 6480 (999) 7084 (1222)
Mean change in lean mass of arms -92 -254 13 7 0.002
(95% Cl) (-171, -14) (-400, -108) (-161, 188) (-71, 85)
Mean fat mass at baseline (g) 3139 (777) 3274 (733) 3096 (806) 3028 (809) 0.23
Mean fat mass in arms at 12 months (g) 3459 (949) 3861 (913) 3553 (932) 2981 (803)
Mean change in fat mass of arms 319 587 457 -46 <0.001
(95% Cl) (221, 417) (450, 724) (308, 605) (-155, 63)

Data presented are means and standard deviations.

* p values for baseline comparison between group A and C were obtained by independent samples t tests, comparing mean from A and C. p value for the mean
12-month change was obtained from repeated measures ANOVA, testing for an interaction between time and group
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Table 21: Comparison of the mean change in body composition between groups A and C

Outcome of interest for Mean difference between
groups Aand C

12-month change p-value*
(95% ClI)
Body mass index 1.1 0.001
(0.4,1.7)
Total fat mass 3822 <0.001
(2425, 5220)
Total % body fat 3.1 <0.001
(2.1,4.1)
Total lean mass 104 0.809
(-751, 958)
Trunk fat mass 1530 0.001
(648, 2413)
Trunk lean mass 210 0.388
(-274, 694)
Upper limbs fat mass 627 <0.001
(453, 803)
Upper limbs lean mass -264 0.002
(-423, 105)

*p value obtained from ANCOVA model with 12-month measurement as dependent variable,
including a fixed factor for group and baseline measurement and age as covariates.
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Figure 19: 12-month change in lean mass and fat mass, and BMI by DXA.

The red line represents group A, the green line represents group B and the blue line

represents group C. The error bars show the 95% confidence intervals.
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Figure 20: 12-month change in trunk and upper limb lean mass and fat mass by DXA.

The red line represents group A, the green line represents group B and the blue line
represents group C. The error bars show the 95% confidence intervals.
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3.1.4 Results of serum tests
3.1.4.1 Vitamin D status

The UK NICE guidelines for Vitamin D deficiency in adults define deficiency as a
serum vitamin D level below 25nmol/L, this is equivalent to <10ng/ml. Levels
between 25-50nmol/L (10-20ng/ml) are indicative of vitamin D insufficiency. The
median serum total (OH)25 Vitamin D levels in all 75 study participants was 24.7ng/ml
(61.8nmol/L) at baseline. The median values were 27.6, 18.5 and 23.6ng/mL for
groups A, B and C, respectively. The lowest levels in group B are equivalent to
46.25nmol/L. Comparison of the baseline values between group A and C showed
that groups were similar (p=0.95, Mann Whitney U test).

After 12 months, vitamin D levels decreased most in group A (median difference -

2.7ng/ml, 95% Cl -4.5 to -0.8) and the difference was -0.2ng/ml (95% Cl -1.4 to 1.0)
in group C participants. The 12-month reduction in serum vitamin D concentration
was significantly greater in group A compared to group C (p=0.027).

3.1.4.2 Measurement of sex hormones

As previously described, group A had started ADT 20 days before the baseline visit.
Serum testosterone at baseline reflected this, in group A the median concentration
was 2.0nmol/L and 38% of participants had castration levels (table 22). By 12
months, 97% of group A had castration levels of testosterone, and the median
result was below the lower limit of detection (<0.04nmol/L)

There was an average of 57 days from ADT initiation to baseline visit for group B
participants, when the majority (89%) of group B had castration testosterone
levels. By 12 months, all of the group B participants decreased to this level. The
average group B testosterone level was below the limit of detection (<0.04nmol/L)
at both baseline and 12 months. Participants in group C had normal testosterone
levels, and none were in the castration range at baseline or at 12 months.

SHBG levels decreased slightly in group A, from a median value of 56.0nmol/L to
54.9nmol/L, and in group B from 57.3nmol/L to 54.1nmol/L (table 22) There was a
small increase of 0.2nmol/L in group C. All results were within the normal SGBG
reference range in all groups.

Serum oestradiol levels were below the limit of assay detection (<91.8pmol/L) in 23
(79%) of group A participants at baseline and in and 28 (97%) after 12 months.
They were below the limit of detection for all group B participants at both time
points. Oestradiol levels remained stable in group C participants, and were within
normal limits for healthy men.
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Hormone Group A Group B Group C
(n=29) (n=18) (n=28)
Testosterone
Median testosterone at baseline (nmol/L) 2.0 <0.4 15.7
(range) | (<0.4t042.6) (<0.4to10.2) (4.8 to 30.2)
Median testosterone at 12 months (nmol/L) <0.4 <0.4 15.4
(range) | (<0.4t012.1) (<0.4t01.3) (3.21t030.7)
Number with baseline testosterone at 11 16 0
castration level <1.7 nmol/L (38%) (89%) (0%)
Number with 12-month testosterone at 28 18 0
castration level <1.7 nmol/L (97%) (100%) (0%)
SHBG
Median SHBG at baseline (nmol/L) 56 57.3 50.1
(laR) | (33.7t064.9) (43.6t062.1) (41.8-60.0)
Median SHBG at 12 months (nmol/L) 54.9 54.1 50.3
(IQR) (28.4-66.1) (41.0t0 67.5) (38.4-60.7)
Oestradiol
Median oestradiol at baseline (pmol/L) <91.8 All values 96
(range) | (<91.8 to 161) <91.8 (<91.8 to 235)
Median oestradiol at 12 months (pmol/L) <91.8 All values 109
(range) | (<91.8 to 106) <91.8 (<91.8 to 221)
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3.1.4.3 Biomarkers and regulators of bone turnover

All BTM data is shown in table 23, with the mean differences between groups A
and C from the ANCOVA model shown in table 24. At baseline, median serum PINP
levels were highest in group B (127.5ng/ml), and were similar in groups A and C
(p=0.9). The change in PINP over 12 months varied between group, with an
increase in serum PINP in group A (+51.7ng/ml), decreased levels in group B (-
54.9ng/ml), and levels in group C remained very similar. There was a significant
difference in the 12-month change in PINP between groups A and C (mean
difference 2.20, 95% Cl 1.93 to 2.51, p<0.001), adjusting for age and baseline PINP.

Serum osteocalcin levels were similar at baseline between groups. At 12 months,
osteocalcin increased the most in group A (+13ng/mL), with smaller increases in
group B (+3.4ng/mL) and group C (+2.6ng/ml). There was a significantly greater
increase in serum osteocalcin in group A compared to group C (mean difference
1.43ng/ml, 95% Cl 1.16 to 1.75, p=0.001).

Baseline CTX levels in group B were almost double those measured in group C
(0.42ng/ml in group B and 0.22ng/ml in C). Levels of serum CTX at baseline were
similar between groups A and C (p=0.82). After 12 months, CTX levels increased by
0.36ng/L and 0.14ng/L in groups A and B respectively, with a small increase of
0.09ng/mL in group C. The change in CTX did not differ significantly between study
groups A and C.

TRAPS5b levels at baseline were highest in group B, and were significantly higher in
group C than in group A (1.85U/L Vs 0.97U/L, p=0.04). After 12 months, the
greatest change in serum levels was observed in group A, where there was a
1.36U/L increase, compared to an increase of 0.74U/L and 0.47U/L in groups B and
C, respectively, though compared to group C the change in Group A was not
significant (p=0.97).

Over 12 months, we observed a two- fold greater increase in serum sclerostin level
in group A compared with group C. However, this did not reach statistical
significance when adjusting for baseline value, age and BMI (mean difference
1.06g/ml, 95% Cl 0.04 to 1.19, p=0.35). The increase in sclerostin was slightly higher
in group B than group C.
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Table 23: 12 month change in biomarkers and regulators of bone turnover

Serum marker All Group A Group B Group C Difference
(n=75) (n=29) (n=18) (n=28) Avs C (p value)
Median PINP at baseline (ng/mL) 41.9 39.8 127.5 40.7 0.9
(IQR) (31.2 to 52.0) (29.8 t0 50.7) (36.7 to 282.1) (31.3t0 46.9)
Median PINP at 12 month (ng/ml) 69.1 91.4 106.9 40.5
(IQR) (42.1 to 110) (69.7 to 111.1) (72.5 to 138.2) (33.0t0 48.3)
Change in PINP (ng/mL) 221 51.7 -54.9 0.4 <0.001
(95% Cl) (11.8,32.7) (40.6, 62.3) (-211.9, 45.1) (-2.8,4.2)
CTX at baseline (ng/mL) 0.26 0.28 0.42 0.22 0.82
(IQR) (0.13 to 0.48) (0.13t0 0.42) (0.16 to 0.7) (0.11 to 0.46)
CTX at 12 months (ng/mL) 0.49 0.59 0.68 0.37
(IQR) (0.29 t0 0.78) (0.26 to 0.99) (0.34 to 0.88) (0.25 to 0.55)
Change in CTX (ng/mL) 0.19 0.36 0.14 0.09 0.14
(95% Cl) (0.1, 0.28) (0.2, 0.54) (-0.27,0.43) (0.02,0.17)
TRAPSb at baseline (U/L) 1.39 0.97 2.21 1.85 0.04
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(1QR) (0.77 to 2.65) (0.56 to 2.16) (1.03 to 3.62) (0.96 to 2.97)
TRAP5b months (U/L) 2.73 2.44 2.97 2.6
(IQR) (1.33 to 3.85) (1.27 t0 3.97) (1.06 to 4.26) (1.74 to 3.69)
Change in TRAP5b (U/L) 0.94 1.36 0.47 0.74 0.21
(95% Cl) (0.54, 1.39) (0.71, 1.98) (-0.86, 2.01) (0.25, 1.32)
Osteocalcin at baseline (ng/mL) 14.5 13.3 14.5 15.5 0.18
(IQR) (9.6 to 21.5) (9.0to0 17.8) (9.4 t0 48.1) (10.6 to 22.1)
Osteocalcin at 12 months (ng/mL) 22.4 26.4 26.5 17.8
(IQR) (15.8 to 31.3) (19.0 to 36.7) (16.2 to 42.8) (15.2 to 23.0)
Change in osteocalcin 7.2 13.0 34 2.6 <0.001
(95% Cl) (4.4,10.2) (9.0, 36.7) (-19.9, 16.0) (0.5, 4.5)
Sclerostin at baseline (ng/mL) 40.2 42.7 35.9 42.0 0.482
(1QR) (31.0to0 56.7) (29.8t0 57.1) (29.8 t0 57.1) (31.7 to 66.6)
Sclerostin at 12 months (ng/mL) 43.4 43.4 40.8 49.1
(IQR) (35.9, 60.6) (38.4 to 69.6) (35.1, 50.7) (37.7, 62.8)
Change in sclerostin 3.8 5.2 3.0 2.6 0.146
(95% Cl) (1.5, 6.3) (2.1,9.9) (-3.5, 8.6) (-1.8, 6.8)

Data presented are median and interquartile range. *p values for baseline comparison between group A and C were obtained using a Mann-Whitney U test. p
value for the mean 12-month change was obtained from repeated measures ANOVA, testing for an interaction between time and group (baseline and 12-month

measurement log transformed prior to analysis)
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Table 24: Comparison of the 12 month change in serum biomarkers and
regulators of bone turnover between groups A and C

Serum biomarker Mean difference
between group A Vs C p value*
(95% Cl)
PINP 2.20 <0.001
(2.93, 2.51)
CTX 1.43 0.059
(0.99, 2.08)
TRAP5b 0.99 0.973
(0.65, 1.52)
Osteocalcin 1.43 0.001
(1.16, 1.75
Sclerostin 1.06 0.348
(0.94, 1.19)

*derived from ANCOVA model with 12-month measurement as dependent
variable, including a fixed factor for group and baseline measurement, age and
BMI as covariates. The biomarker outcomes have been log transformed so
difference between groups is expressed as the ratio of geometric means
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3.2 Summary of key findings from this chapter

The ANTELOPE study has demonstrated that recruitment and retention of men
with advanced PC in a longitudinal study is challenging due to their underlying
diagnosis.

Fracture risk in men starting ADT for PC appears to be similar to the risk in healthy
age matched men. The 10-year risk of hip fracture is between 1.62 and 2.74% and
risk of major fracture is 3.92 to 7.24%. Fracture risk is higher when clinical risk
factors are used without BMD in the FRAX algorithm. More than three quarters of
men starting ADT have a fracture risk above the threshold for treatment.

ADT is associated with an increase in frailty and pre-frailty during the first year of
treatment. Men with metastatic PC are more likely to be frail than men with
localised disease at diagnosis and after 12 months. ADT is also associated with a
significant reduction in grip strength and SPPB score, although did not affect
balance in our study.

ADT causes sarcopenic obesity, with a gain in BMI and fat mass, and a loss of lean
mass. When analysed by region, the change relates to a significant gain in trunk fat
mass, and there is also loss of lean mass in the upper limbs.

ADT increases bone turnover, which was measured by the biomarkers PINP, CTX,
osteocalcin. Trap5b and sclerostin were not significantly affected by ADT.
Interpretation of bone biomarkers is challenging in men with metastatic bone
disease who receive systemic treatments, as it is unclear which changes relate to
ADT, use of GCs and which relate to a response to chemotherapy in bone.
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Chapter 4: ANTELOPE results (ll) the effect of androgen deprivation
therapy on bone density and microarchitecture

This chapter will present ANTELOPE data for the 12-month change in areal BMD at
the lumbar spine, hip and total body. This data is from all 75 study participants who
had a DXA scan at baseline and 12 months (there were 29, 18 and 28 participants in
groups A, B and C, respectively). It will also present data from HR-pQCT
measurement of volumetric BMD and estimates of bone strength at the distal
radius, which are available for 56 participants.

4.1 Results

4.1.1 Change in in lumbar spine and hip bone mineral density and bone
mineral content by DXA

The mean areal BMD was similar between study groups A and C at baseline, at all
sites that were measured. The baseline and 12-month BMD data are shown in table
25, along with the change in BMD. A comparison of the mean baseline BMD values
and the 12-month change between groups A and C is also presented. Table 26
presents the mean difference between groups A and C for each BMD outcome of
interest, using ANCOVA and after adjustment for baseline value, age and BMII.
Figures 21 and 22 show plots of the changes over 12 months.

Over the 12-month study period, participants in groups A and B experienced loss of
BMD at all skeletal sites. The site that experienced the greatest loss of BMD was
the lumbar spine (LS); group A lost an average of 0.045g/cm? (3.9%) and loss in
group B was 0.07g/cm?(5.9%). There was a small gain in LS BMD of 0.024 g/cm?
(2.2%) in Group C. The 12-month change in LS BMD was significant when group A
and group C were compared (mean difference -0.072 g/cm?, 95% CI -0.092 to -
0.052, p<0.001) adjusting for baseline value, age and BMI (table 26). Group B were
not compared to group C due to the small number of participants, and differences
in the data between group A and B.

BMD loss at the femoral neck (FN) and total hip (TH) was greatest in group A,
where the changes over 12 months were -0.031 g/cm? (3.8%) at FN and -0.035
g/cm?(3.3%) at TH. Group B lost 0.029g/cm? (3.5%) at FN and 0.029g/cm? (2.8%) at
TH. BMD at FN and TH was similar at baseline and 12 months in group C
participants. When compared to group C, group A lost significantly more BMD at
both the FN (mean difference -0.034g/cm2, 95% Cl -0.048 g/cm? to -0.019 g/cm?,
p<0.001) and TH (-0.036 g/cm?, 95%Cl -0.048 g/cm? to -0.025g/cm?, p<0.001, table
26).

There was a reduction in total body BMD over 12 months in both group A
(-0.038g/cm?, 3.1%) and group B (-0.039g/cm? 3.2%). Group C had a small gain of
0.008g/cm? (0.7%) which was significantly different to the change observed in
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group A (mean difference -0.044g/cm?, 95% Cl -0.061g/cm? to -0.028g/cm?,
p<0.001, table 26, figure 22).

There was a similar reduction in bone mineral content (BMC) over the 12-month
study period in groups A and B, who lost 94.3g and 92.2g (3.3% and 3.5%),
respectively. There was a slight increase in the mean BMC in group C, and the 12-
month change in BMC was significantly different between group A and C (mean
difference -110.5g, 95% Cl -147.6g to -73.5g, p<0.001, table 26, figure 22).



Table 25: 12-month change in areal BMD

DXA outcome measure All participants Group A Group B Group C Difference
n=75 n=29 n=18 n=28 AVs C*
Mean femoral neck BMD (g/cm?)
Baseline 0.810 (0.136) 0.826 (0.133) 0.828 (0.140) 0.781 (0.135) p=0.21
12 months 0.793 (0.125) 0.795 (0.121) 0.799 (0.118) 0.786 (0.137)
Change in femoral neck BMD (g/cm?) -0.017 -0.031 -0.029 0.005 p<0.001
(95% Cl) (-0.027, 0.008) (-0.043, -0.02) (-0.059, 0.001) (-0.003, 0.014)
% change from baseline 2.1 3.8 3.5 0.6
Mean total hip BMD (g/cm?)
Baseline 1.033 (0.145) 1.058 (0.127) 1.020 (0.162) 1.014 (0.153) p=0.25
12 months 1.012 (0.139) 1.022 (0.129) 0.992 (0.140) 1.016 (0.152)
Change in total hip BMD (g/cm?) -0.020 -0.035 -0.029 0.001 p<0.001
(95% Cl) (-0.028, -0.013) (-0.044, -0.026) (-0.052,-0.006) (-0.005, 0.008)
% change from baseline 1.9 3.3 2.8 0.1
Mean lumbar spine BMD (g/cm?)
Baseline 1.130 (0.189) 1.141 (0.168) 1.186 (0.219) 1.081 (0.184) p=0.21
12 months 1.104 (0.183) 1.095 (0.174) 1.116 (0.189) 1.105 (0.194)
Change in lumbar spine BMD (g/cm?) -0.026 -0.045 -0.070 0.024 p<0.001
(95% ClI) (-0.042, -0.010) (-0.061, -0.029) (-0.119,-0.021) (0.012, 0.035)
% change from baseline 2.3 3.9 5.9 2.2




Mean total body BMD (g/cm?)

Baseline
12 months
Change in total body BMD (g/cm?)
(95% ClI)
% change from baseline

Mean bone mineral content (g)
Baseline

12 months

Change in bone mineral content (g)
(95% Cl)

% change from baseline

*Baseline comparison p-value from independent samples t-test comparing group A and C. p value for 12-month change is from repeated measures ANOVA model

1.215 (0.124)
1.194 (0.122
-0.021
(-0.030,-0.013)
1.7

2812.7 (412.9)
2760.2 (410.3)

-52.5
(-72.7,-32.3)
1.9

1.228 (0.133)
1.190 (0.117)
-0.038
(-0.050,-0.026)
3.1

2849.2 (377.5)
2754.9 (362.4)

-94.3
(-120.9,-67.7)
3.3

1.213 (0.110)
1.173 (0.108)
-0.039
(-0.054,-0.024)
3.2

2803.9 (396.0)
2711.8 (382.5)

-92.2
(-127.1,-57.3)
3.5

1.203 (0.125)
1.211 (0.135)
0.008
(-0.004,0.019)
0.7

2780.4 (467.1)
2796.8 (479.6)

16.4
(-11.4, 44.2)
0.6

P=0.47

p<0.001

p=0.54

p<0.001

testing for an interaction between time and group.
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Table 26: Comparison of mean change in BMD and BMC between groups A and C

DXA outcome Mean difference
measure between group A Vs C p value*
(95% ClI)
Femoral neck BMD -0.034 <0.001

(8/em*) | (.0.048 10 -0.019)

Total hip BMD -0.036 <0.001
2
(g/cm?) (-0.048 to -0.025)

Total hip BMD -0.036 <0.001
2
(g/cm?) (-0.048 to -0.025)

Lumbar spine BMD -0.072 <0.001
2
(g/cm?) (-0.092 to -0.052)

Total body BMD -0.044 <0.001
2
(g/cm?) (-0.061 to -0.028)

Whole body BMC -110.5 <0.001
(&) (-147.6 to -73.5)

*Derived from ANCOVA with the 12-month measurement set as the dependent variable,

with a fixed factor for group, and the covariates of age, BMI and baseline measurement
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Figure 21: 12-month change in hip and lumbar spine BMD.

Plots of the change in hip and lumbar spine BMD for groups A, B and C are show on

the left side column of the figure. The red line represents group A, the green line

represents group B and the blue line represents group C. The error bars show the

95% confidence intervals. The right-hand plots show groups A and C only.
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Figure 22: 12-month change in total body BMD and BMC measurements.

Plots of the change in total body BMD and BMC for groups A, B and C are show on
the left side column of the figure. The right-hand plots show groups A and C only.
The red line represents group A, the green line represents group B and the blue line
represents group C. The error bars show the 95% confidence intervals.
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4.1.2 Change in radius volumetric density and microarchitecture by HR-pQCT

Data from baseline and 12-month HR-pQCT scans of the distal radius were available
for 56 participants (75%). Two participants could not be scanned at baseline; one
due to a scanner machine fault and another had an unusually large hand that
would not fit into the scanner gantry. One participant did not receive a follow-up
scan at 12 months due to wrist swelling. The remaining participants with missing
data had movement artefact that prevented image analysis.

HR-pQCT results for change in microarchitecture are shown in table 27. Data are
presented for baseline and 12 months, in addition to the mean change for each
outcome of interest. Table 28 presents the results of ANCOVA comparison between
groups A and C, with a fixed factor for group, and the covariates of age, BMI and
baseline HR-pQCT measurement.

At baseline, there was no difference between groups A and C in any of the
microarchitectural outcomes of interest. The primary outcome of the study was the
change in vBMD at the distal radius between groups A and C; after 12 months,
vBMD loss was greatest in groups A and B where the losses were 13.7mgHA/cm?
(4.1%) and 13.5mgHA/cm?3 (4.3%) respectively, and the loss was 1.3mg HA/cm3
(0.4%) in group C. There was significantly greater loss in group A compared with
group C (mean difference -11.111mgHA/cm?3, 95% Cl -17,515mgHA/cm? and -
4,707mgHA/cm3, p=0.001, table 28). The 12-month change in vBMD is shown in the
plotin figure 23.

There was a general 12-month decline in cortical bone microarchitecture in groups
A and B, and changes were observed in all cortical measures compared to baseline
(table 27, figure 24). The mean loss of cortical vBMD was greatest in group B, who
lost 31.8mg HA/cm3, compared with 27.1 mg HA/cm?3 loss in group A and 7.5mg
HA/cm? loss in group C. The loss of cortical vBMD in group A was significantly
greater than in group C p<0.001, table 28). The overall cortical area decreased by a
similar amount in group A (-5.9mm?3) and group B (-6.6mm?3), and by a significantly
smaller amount (-1.6mm3) in group C compared to A (p<0.001). There was loss of
cortical thickness in both groups A and B (0.07mm), and the mean loss was
0.002mm in group C (mean difference A Vs C was -0.05mm, 95% CI -0.07mm to -
0.02mm, p=0.001). Cortical porosity increased the most over 12 months in group A
(0.008), with a slightly smaller increase of 0.006 in group B and was 0.001 in group
C. Theincreased porosity in group A was significantly greater than group C once
adjusted for the baseline cortical porosity, age and BMI. (mean difference 0.007,
95% Cl 0.003 to 0.011, p=0.002, table 28).

The 12-month changes in trabecular bone parameters are shown in table 27 and
figure 25. There was loss of trabecular vBMD in groups A and B; group A lost an
average of 2.2mg HA/cm? and group B lost 2.5 mg HA/cm over 12 months. Group C
did not lose trabecular vBMD, and the 12-month change between groups A and C
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was significant (mean difference 2.6mgHA/cm? 95% Cl -4.8 to -0.5, p=0.016, table
28). All groups experienced a gain in trabecular area, which was greatest in group A
and significantly greater than in group C (mean difference 2.7mm2, 95% Cl 0.4 to
4.9, p=0.02). There was no difference in the change in trabecular thickness or
number between groups A and C. Trabecular separation increased and the bone to
tissue volume ratio decreased, whereas the opposite occurred n group C, and the
difference between groups A and C was significant for both measures (mean
difference for trabecular separation 0.02, 95% Cl -0.01 to 0.05, p=0.06, mean
difference for BV/TV -0.02, 95% CI -0.04 to -0.002, p=0.03, table 28). Group B
experienced small losses of trabecular thickness, separation and also BV/TV over 12
months.
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Table 27: Change in volumetric bone mineral density and bone microarchitecture

Outcome measure All Group A Group B Group C Difference
(n=56) (n=18) (n=15) (n=23) between
AandC*
Total vBMD (mg HA/cm3) baseline 319.8 (51.8) 336.8 (42.9) 317.6 (59.5) 307.9 (51.6) p=0.06
Total vBMD (mg HA/cm3) 12 months 311.2 (49.9) 323.1 (41.9) 304.1 (58.7) 306.6 (49.9)
12 month change in vBMD -8.6 -13.7 -13.5 -1.3 p<0.001
(95% Cl) (-11.6, 11.5) (-17.8, -9.6) (-21.6, -5.4) (-4.3,1.7)
% change 2.7 4.1 4.3 04
Cortical parameters
Cortical vBMD (mg HA/cm?3) baseline 834.9 (58.3) 855.9 (51.5) 824.6 (66.3) 825.1 (55.7) p=0.08
Cortical vBMD (mg HA/cm3) 12 months 814.6 (60.9) 828.8 (55.9) 792.8 (73.2) 817.6 (54.6)
12 month change in cortical vBMD -20.3 -27.1 -31.8 -7.5 p<0.001
(95% Cl) (-25.7,-14.9) (-33.2-21.0) (-46.8, -16.8) (-12.7,-2.4)
Cortical area (mm?) baseline 70.0 (14.5) 75.0(14.2) 69.4 (17.6) 66.6 (11.7) p=0.044
Cortical area (mm?) 12 months 65.7 (14.4) 69.1 (14.9) 62.8 (18.4) 65.0 (10.9)
12 month change in cortical area -4.3 -5.9 -6.6 -1.6 p<0.001
(95% Cl) (-5.6,-3.0) (-7.5,-4.3) (-10.1-3.12) (-2.9-0.3)
Cortical thickness (mm) baseline 0.79 (0.19) 0.85(0.19) 0.76(0.21) 0.75(0.17) p=0.06
Cortical thickness (mm) 12 months 0.74 (0.19) 0.79 (0.19) 0.69 (0.22) 0.73 (0.16)




12 month change in cortical thickness

(95% Cl)

Cortical perimeter (mm) baseline
Cortical perimeter (mm) 12 months
12 month change in cortical perimeter

(95% Cl)

Cortical porosity baseline

Cortical porosity 12 months

12 month change in cortical porosity
(95% Cl)

Trabecular parameters

Trabecular vBMD (mg HA/cm3) baseline
Trabecular vBMD (mg HA/cm3) 12-months
12 month change in trabecular vBMD

(95% ClI)

Trabecular area (mm?) baseline
Trabecular area (mm?) 12 months
12 month change in trabecular area

(95% Cl)
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-0.05
(-0.64, -0.03)

90.4 (9.3)
90.5(9.3)
0.2
(-0.02,0.4)

0.040 (0.017)
0.045 (0.016)
0.005
(0.003, 0.007)

191.3 (34.9)
190.1 (34.4)
-1.2
(-2.4,-0.1)

333.7 (77.5)
335.8 (76.4)
2.1
(0.7, 3.5)

-0.07
(-0.09,-0.05)

88.7 (8.6)
88.8 (8.5)
0.1
(-0.2,0.4)

0.038 (0.013)
0.046 (0.013)
0.008
(0.005, 0.012

195.9 (38.3)
193.7 (38.4)
2.2
(-4.2,-0.3)

320.3 (64.7)
323.9 (64.4)
3.6
(2.0, 5.2)

-0.07
(-0.11, -0.03)

92.1(9.6)

92.3(9.4)
0.2

(-0.2,0.7)

0.038 (0.017)
0.045 (0.016)
0.006
(0.001, 0.012)

193.7 (37.1)
191.2 (36.2)
-2.5
(-5.7,0.7)

338.6 (78.6)
340.8 (74.3)
2.2
(-2.3,6.8)

-0.02
(-0.03,0.004)

90.5(9.9)

90.7 (9.9)
0.2

(-0.1,0.5)

0.043 (0.020)
0.045 (0.019)
0.001
(-0.002,0.004)

186.3 31.3)
186.7 (30.9)
0.4
(-0.8, 1.5)

341.0 (87.0)
341.9 (87.7)
0.9
(-0.6, 2.4)

p<0.001

p=0.53

p=0.80

p=0.32

p=0.002

p=0.39

p=0.017

p=0.41

p=0.014




Trabecular number baseline
Trabecular number 12 months
12 month change in trabecular number

(95% ClI)

Trabecular thickness baseline
Trabecular thickness 12 months
12 month change in trabecular thickness

(95% ClI)

Trabecular separation baseline
Trabecular separation 12 months
12 month change in trabecular separation

(95% Cl)

Trabecular BV/TV baseline

Trabecular BV/TV 12 months

12 month change in trabecular BV/TV
(95% Cl)

2.16 (0.28)
2.19 (0.30)
0.03
(-0.03, 0.08)

0.074 (0.012)
0.073 (0.012)
-0.001
(-0.003, 0.001)

0.398 (0.066)
0.394 (0.069)
-0.003
(-0.014, 0.007)

0.160 (0.029)
0.158 (0.029)
0.001

(-0.002, -0.0001)
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2.20 (0.28)
2.15(0.31)
-0.05
(-0.12,0.02)

0.074 (0.012)
0.074 (0.012)
0.001
(-0.001, 0.004)

0.389 (0.070)
0.401 (0.081)
0.012
(-0.003, 0.027)

0.163 (0.032)
0.161 (0.032)
-0.002
(-0.003,-0.0001)

2.20(0.22)

2.27 (0.28)
0.07

(-0.06, 0.20)

0.074 (0.014)
0.070 (0.010)
-0.004
(-0.008, 0.001)

0.386 (0.044)
0.377 (0.058)
-0.008
(-0.032, 0.016)

0.161 (0.031)
0.159 (0.030)
-0.002
(-0.005, 0.001)

2.10 (0.32)
2.16 (0.31)
0.06
(-0.04, 0.16)

0.074 (0.012)
0.072 (0.011)
-0.002
(-0.006, 0.001)

0.412 (0.073)
0.399 (0.068)
-0.013
(-0.030, 0.005)

0.155 (0.026)
0.156 (0.026)
0.0002
(-0.001, 0.001)

p=0.34

p=0.07

p=0.97

p=0.145

p=0.31

p=0.039

p=0.39

p=0.029

* Baseline comparison P-Value is from an independent samples t-test comparing group A and C. The p-value for 12-month change is from a repeated measures ANOVA

model testing for an interaction between time and group
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Table 28: Comparison of microarchitecture change between groups A and C

Outcome of interest

Total vBMD (mg HA/cm?)

Cortical parameters

Cortical vBMD (mg HA/cm3)

Cortical area (mm?)

Cortical thickness (mm)

Cortical perimeter (mm)

Cortical porosity

Trabecular parameters

Trabecular vBMD (mg HA/cm3)

Trabecular area (mm?)

Trabecular number

Trabecular thickness (mm)

Trabecular separation

Trabecular BV/TV

Mean difference between

group A and C (95% Cl)

-11.7 (-16.7, -6.7)

-20.5(-28.7,-12.3)

-4.0 (-6.1, -1.9)

-0.05 (-0.07, -0.02)

-0.02 (-0.46, 0.41)

0.007 (0.003, 0.011)

-2.6(-4.8,-0.5)

2.7 (0.4, 4.9)

-0.09 (-0.22, 0.03)

0.003 (-0.001, 0.007

0.02 (-0.001, 0.05)

-0.002 (-0.004, -0.0002)

p-value*

<0.001

<0.001

<0.001

0.001

0.911

0.002

0.016

0.02

0.13

0.18

0.06

0.03

*Derived from ANCOVA with the 12-month measurement set as the dependent variable, with a

fixed factor for group, and the covariates of age, BMI and baseline measurement
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Figure 23: 12-month change in vBMD by HR-pQCT at the distal radius.

The red line represents group A, the green line represents group B and the blue line

represents group C. The error bars show the 95% confidence intervals. This was the
primary outcome of the ANTELOPE study.
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Figure 24: Plots of the 12-month change in cortical microarchitecture at the distal

radius by HR-pQCT.

The red line represents group A, the green line represents group B and the blue line
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represents group C. The error bars show the 95% confidence intervals.
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Figure 25: 12-month change in trabecular microarchitecture at the distal radius by

HR-pQCT.

The red line represents group A, the green line represents group B and the blue

line represents group C. The error bars show the 95% confidence intervals.
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4.1.3 Finite element analysis

FE analysis was undertaken for all 56 participants with a baseline and 12-month
HR-pQCT scan, and the results are shown in tables 29 and 30, and figure 26. At
baseline, there were no differences between groups A and C in any of the finite
element outcomes of interest.

Bone stiffness decreased from baseline in all three study groups after 12 months.
The greatest change occurred in group B, in whom the mean loss was 8.0kN/mm,
compared to 4.4kN/mm in group A and 2.4 kN/mm in group C. When adjustment
was made for baseline stiffness, age and BMI, there was no difference in the 12-
month change between groups A and C (p=0.24, table 30). There was also a
reduction in ultimate failure load observed in all groups, and group B experienced
the largest reduction (-0.37kN). The mean loss in group A was more than twice the
loss in group C, which was significant (mean difference -0.14kN, 95% CI -0.26 to -
0.01kN, p=0.032, table 30).

There was no difference between study groups A and C in the change in von Mises
stresses in cortical and trabecular bone over 12 months. The greatest change in von
Mises stresses were seen in group B, where the 12-month change was -0.13 and -
0.17 for cortical and trabecular bone, respectively. There was also no difference
observed between study groups at baseline or 12 months in the ratio of the load
taken by the trabeculae in relation to the total load (proximal or distal).
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Table 29: Finite element analysis outcomes from HR-pQCT at the distal radius

All Group A Group B Group C Difference
Mean FEA measure (n=56) (n=18) (n=15) (n=23) between A
and C*
Stiffness (kN/mm) at baseline 109.9 (22.7) 115.9 (24.0) 109.3 (28.2) 105.7 (16.9) P=0.12
Stiffness (kN/mm) at 12 months 105.4 (21.3) 111.5 (24.4) 101.3 (24.8) 103.3 (15.5)
12 month change in stiffness (kN/mm) -4.6 -4.4 -8.0 -2.4 p=0.22
(95% Cl) (-6.3, -2.8) (-6.1, -2.7) (-12.9,-3.1) (-5.0,0.1)
Ultimate failure load (kN) at baseline 5.58 (1.12) 5.86 (1.18) 5.53 (1.38) 5.39(0.85) p=0.14
Ultimate failure load (kN) at 12 months 5.36 (1.05) 5.62 (1.19) 5.16 (1.22) 5.29(0.78)
12 month change in ultimate failure load (kN) -0.22 -0.24 -0.37 -0.10 p=0.037
(95% Cl) (-0.30, -0.14) (-0.32,-0.17) (-0.60, -0.14) (-0.21, 0.01)
Trabecular von Mises stress at baseline 5.36 (0.64) 5.42 (0.56) 5.32(0.79) 5.35(0.62) p=0.70
Trabecular von Mises stress at 12 months 5.31 (0.61) 5.52 (0.64) 5.15 (0.60) 5.26 (0.58)
12 month change in trabecular von Mises stress -0.05 0.10 -0.17 -0.09 p=0.14
(95% Cl) (-0.15, 0.06) (-0.03, 0.23) (-0.38, 0.05) (0.10, -0.29)
Cortical von Mises stress at baseline 7.56 (0.50) 7.71(0.52) 7.40 (0.51) 7.55(0.47) p=0.30
Cortical von Mises stress at 12 months 7.47 (0.47) 7.65 (0.43) 7.26 (0.41) 7.46 (0.49)
12 month change in cortical von Mises stress -0.09 -0.06 -0.13 -0.09 p=0.73
(95% Cl) (-0.16, -0.02) (-0.17, 0.05) (-0.29, 0.02) (-0.22, 0.04)
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Trabecular load at distal radius at baseline 65.3 (7.2) 63.1(9.7) 66.6 (6.8) 66.2 (4.4) p=0.18
Trabecular load at distal radius at 12 months 67.1(7.2) 64.9 (8.9) 68.5 (6.4) 68.0 (6.0)

12 month change in trabecular load at distal radius 1.8 1.9 1.9 1.8 p=0.98
(95% Cl) (0.7, 3.0) (-0.1, 3.8) (-1.0,4.7) (-0.04, 3.7)

Trabecular load at proximal radius at baseline 28.8 (7.8) 28.2 (10.1) 28.3 (7.4) 29.5 (6.2) P=0.62
Trabecular load at proximal radius 12 months 29.5(7.8) 29.2 (9.7) 29.4 (6.8) 29.8(7.0)

12 month change in trabecular load at proximal 0.7 0.9 1.1 0.2 p=0.43

radius
0,

(5%C) | (01,15 (0.1, 1.9) (:0.9,3.2) (1.1, 1.6)

* Results for baseline and 12 months are means (SD). Baseline p values are derived from ANOVA between groups. For the mean 12-month change, p values are

from repeated measures ANOVA testing for an interaction between group and time .
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Table 30: Comparison of finite element outcomes between groups A and C

Finite element outcome Mean difference between p-value*
of interest group Aand C
(95% Cl)
Stiffness (kN/mm) -1.8(-4.8,1.2) 0.24
Ultimate failure load (kN) -0.14 (-0.26, -0.01) 0.032
Trabecular von Misen’s stress 0.17 (-0.06, 0.41) 0.15
Cortical Von Misen’s stress 0.04 (-0.13,0.21) 0.62
Trabecular loading at distal -0.49 (-3.20, 2.22) 0.72
radius
Trabecular loading at proxwal 0.52 (-1.25, 2.29) 056
radius

*Derived from ANCOVA with the 12-month measurement set as the dependent variable,

with a fixed factor for group, and the covariates of age, BMI and baseline measurement
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Figure 26: 12-month change in estimates of bone strength and stiffness at the
distal radius by HR-pQCT.

The red line represents group A, the green line represents group B and the blue line

represents group C. The error bars show the 95% confidence intervals.
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4.2 Summary of key findings from this chapter

ADT is associated with significant loss of areal BMD in the first year of therapy,
which is most marked at the lumbar spine, but also affects the hip and total body.

There is a corresponding reduction in bone mineral content.

ADT causes a significant reduction in vBMD at the distal radius over 12 months, and
affects both cortical and trabecular vBMD. Cortical vBMD loss may be increased
further when chemotherapy and glucocorticoids are used in addition to ADT in men
with metastatic PC. ADT also causes important microarchitectural changes at the
distal radius; there was significant loss of cortical area and thickness, and an
increase in cortical porosity. Trabecular architecture at the distal radius is also
affected by ADT. There is a reduction in the number of trabeculae, increased
trabecular separation, gain in trabecular area, and loss of BV/TV.

The first year of ADT is associated with a reduction in stiffness and strength at the
distal radius, which may be exacerbated by the use of glucocorticoids and
chemotherapy.
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Chapter 5: ANTELOPE: Overall discussion

This chapter will summarise and discuss the key ANTELOPE study findings from

chapters three and four.

5.1 Study recruitment and retention

A total of 151 potentially eligible participants were screened, and 28 individuals
that chose not to participate either did not want additional hospital visits, lived too
far away, or did not want to attend an early morning appointment where they
were required to have fasted overnight. Another 20 potential participants had
either commenced ADT before the window permitted by study inclusion criteria, or
other study exclusion criteria were present. There were 2 patients who were
unwell to attend their baseline visit, and another 2 individuals could not be
contacted to arrange a study visit.

The total number of participants assessed at baseline exceeded the initial target of
90, however another 13 were excluded after the baseline visit. A further 11
participants were lost to follow-up, 7 of whom were in group B, and the overall rate
of loss was higher than the 10% that had been accounted for in the study design.

Group A were recruited from urology oncology clinics, and therefore most men in
this group had locally advanced PC and were due to undergo radiotherapy in
addition to ADT. The number of participants required (30 for group A), and the
permitted one-month window between ADT initiation and baseline study visit
made recruitment of men with localised PC from general urology clinics difficult.
The choice of one month was pragmatic, in order to meet the recruitment target
but also to capture the rapid change in serum sex hormones (which can occur
within 2-4 weeks of ADT initiation) and the greatest decline in BMD in the first year
of ADT. The median time from ADT initiation to baseline visit in group A was 20
days; this was because most had started ADT when they were approached and
screened, and there was also a limitation in the availability of study visit
appointments. At baseline, the median testosterone level in this group was not at
castration level, whereas the 12-month measurement was below the lower limit of
detection, suggesting that compliance with ADT over 12 months was acceptable,
and that important sex hormone changes occurred as a result of ADT.

Group B were recruited from oncology clinics, and all participants in this group
were due to start chemotherapy for metastatic disease. As expected, this group
had higher Gleason scores and higher serum PSA than those in group A.
Participants in group B were established on ADT, and the protocol had been
designed to reflect standard clinical timelines and allowed 3 months between ADT
initiation and study participation. The median duration of ADT at the time of the
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baseline visit was approximately 2 months. The longer duration of ADT in group B
was confirmed by the average baseline testosterone levels, which were below the
lower limit of detection. Group B experienced the greatest loss of participants
between baseline and 12-month visits. This was due to the advanced nature of
their underlying cancer; five participants died from their disease during the study
period, and one developed metastatic spinal cord compression and was unable to
attend the 12-month study visit.

Group C were recruited from volunteer databases and from advertising.
Participants were selected to ensure that baseline age height, weight and BMI did
not vary between study groups A and C, in order to ensure that these factors did
not for any of the observed changes.

5.2 Changes in sex hormones

Serum testosterone and oestrogen levels were within normal limits for the control
group, ensuring that any observed change in our study outcomes were related to
the effects of ADT. Serum testosterone levels in group A and B were low at
baseline, and the majority of participants had levels equivalent to castration at
follow-up. This reflects the duration of ADT at baseline in both groups, and
confirms compliance with therapy. Serum testosterone and oestrogen levels
decrease rapidly and significantly after just 2-4 weeks of ADT. Ideally, study
assessments would have been undertaken at the same time as ADT initiation to
maximise accuracy, however in practice this was not possible due to practicalities
and logistics. The lower limits of the testosterone and oestrogen laboratory assay
precluded analysis of this data as continuous data; the majority of true values lay
below the limit of normal detection.

5.3 Bone health

Key determinants of bone health and fracture risk factor data were obtained from
guestionnaire completion by participants. Data are therefore reliant upon accurate
completion and subject to recall bias. At baseline, a very small proportion of all
participants were smokers, and most had stopped smoking more than 5 years
before baseline study visit or had never smoked. Similar levels of alcohol
consumption, dairy intake, calcium and vitamin D supplementation and sunlight
exposure were observed between groups, ensuring that the observed changes
were not affected by these factors.

Vitamin D deficiency and insufficiency are common in older adults, and also highly
prevalent in men with PC 342503641 e found that the average serum vitamin D
concentration was similar between all study groups, and not indicative of
deficiency at baseline. Interestingly, only 14 participants reported taking
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supplements of vitamin D in the bone health questionnaire. Over 12 months,
vitamin D levels decreased the most in the groups that received ADT, and the
reduction in group A was significantly greater than group C. Importantly, the
median concentration at 12 months was still above the threshold for insufficiency.
The larger reduction associated with ADT may reflect a period of feeling less well,
requiring additional hospital visits, feeling unwell with poor oral intake, and an
increased likelihood of spending time indoors.

In healthy adults, calcium and vitamin D supplementation reduces fracture risk
642,643 Calcium and vitamin D supplementation have formed the control arm in
studies of bone targeted agents in men receiving ADT, however daily doses of 200-
5001U vitamin D and 1000-1500mg calcium did not prevent bone loss 3*8. No trial
has compared the effects of calcium or vitamin D with no supplementation on bone
density in men undergoing ADT. There is no clear consensus on the optimal doses
required which has been acknowledged by recently published guidelines for the
assessment of bone health in men with PC 34>644645646 Based on current evidence,
serum vitamin D should be measured in all men starting ADT, and supplementation
offered to those found to be deficient under the guidance of a clinician (up to
4000/1U per day has been reported as safe) 3#>¢4’_ In men who are vitamin D

replete, a maintenance dose of 800-1000 units vitamin D per day is recommended
342

5.4 Fracture risk

We did not include ADT and GC as a secondary cause of osteoporosis in the FRAX
calculation. ADT had just been initiated in group A and B participants, and group B
had not received GC at the time of the first study visit. At baseline, the risks of
fracture were broadly similar in study groups, with the exception of an increased
risk of MOF in group B compared with controls. We did not expect differences
between groups at baseline, as the prevalence of fracture risk factors such as
smoking, alcohol intake and parental hip fracture history were similar.

The estimated risk of hip fracture in our study is similar to published data from
large studies in male populations 64864 |t is also similar to previous data in men
with PC, where the risk of hip fracture was between 1- 3% 4°8460461,467 The |argest
study to have addressed this before was undertaken in more than 6000 men
participating in the STAMPEDE clinical trial. The risk of hip fracture in men with
hormone sensitive PC starting ADT was 3.06% and the risk of MOF was 8.7%, when
clinical risk factors were used without BMD 46>,

Reliance on FRAX clinical risk factors without BMD has been shown to produce a
higher estimate of fracture risk than FRAX with BMD data. %461, Without BMD, the
FRAX algorithm preferentially selects for a low BMD . Our results support this
premise, and are likely to reflect the average age of our study population, as FRAX
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without BMD is strongly influenced by increasing age *4°

. It also emphasises the
importance of consideration of non-BMD fracture risk factors, it has been well

described that many fractures occur in individuals with normal BMD #4°,

More than three quarters of our study participants had a fracture risk above the
threshold for treatment. This is very similar to results from a study in 363 men
receiving ADT, where 76.6% of those aged between 70-79 years met the criteria for
treatment, and where age had a significant impact on the recommendations for
treatment (median age was 72, and half of these warranted treatment, in those
aged over 80 years the proportion was 98.8%).

Our results suggest that men starting ADT for PC are at relatively high risk of
fracture; over a 10-year period three participants would be expected to experience
a hip fracture, and over 8 would have a MOF. As our risk assessment was
undertaken before the effects of ADT and GC use were considered, it is likely that
we may have under-estimated the ongoing risk in the ADT treated men. One study
found that inclusion of ADT as a risk factor for secondary osteoporosis increased
the risk of hip fracture from 1.8% to 3.1% in men with PC, and the proportion
requiring treatment based on intervention thresholds increased from a third to just
over half %8, In general, there is a lack of prospective and robust data in large,
multi-ethnic cohorts, and future studies should seek to correlate FRAX with
fracture end points, compare FRAX in ADT and non-ADT treated men, and explore
the relationship between fracture risk and duration of ADT.

5.5 Prevalence of frailty

Frailty is an important clinical syndrome, which predicts falls, disability, loss of
independence and mortality in older patients. The established methods for frailty
identification are the Fried phenotype model 3°3, the cumulative deficit model >*
and comprehensive geriatric assessment (CGA)>>°. CGA is a multi-disciplinary and
multi-dimensional assessment which is time consuming and not routinely part of
oncology clinical practice. Screening tools may predict those likely to benefit from
CGA (such as G8, VES) but there is a lack of consensus as to which tool should be
used. The phenotype method was used in this study, as frailty was a secondary
outcome and the data for the components were collected as part of the planned
study assessments.

We found that the prevalence of frailty at baseline was highest in group B, where
the duration of ADT was longest. More than two thirds of group B participants
were either frail or pre-frail. After 12 months, pre-frailty and frailty increased in
both ADT groups (A and B), with the greatest change from baseline in group A.

Our results suggest that ADT may accelerate the development of frailty in men with
PC. This is to be expected, given the overlap between the components of the
phenotype model and the known adverse effects of ADT (such as fatigue). In
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general, frailty is a dynamic process, and transition to a level of worse frailty is
more common than improvement %/,

In addition to ADT, the underlying physiological changes present in men with PC
(such as chronic inflammation and alterations in metabolism), the effects of cancer
treatment and comorbid conditions are also likely to have contributed to our study
findings. A recent study in 146 men with PC receiving ADT found that 29% and 10%
were pre-frail and frail, which increased to 47% and 15% when the adapted obese
frailty phenotype model was used (this substitutes weight loss for BMI >30kg/m?,
to account for sarcopenic obesity that is associated with ADT) ®°1. In men with PC,
ADT use increases the likelihood of men being classified as frail or pre-frail, and also
predict falls >>3%52 | A recent case control study reported that the prevalence of
frailty increased over 12 months, and was related to reduction in grip strength 3.

Frailty is common in all cancer patients; a systematic review reported the
prevalence of frailty and pre-frailty as being 42% and 43% respectively >*. It has
also been associated with increased mortality and poor tolerance to treatment.
Given the association of frailty with important clinical outcomes such as
hospitalization and death, this potential consequence of ADT should be considered
carefully when initiating ADT in older men with PC. Guidelines have been
developed which specifically recommend assessment of frailty status in older
patients 54, However, implementation into clinical practice requires increased
awareness amongst and education of clinicians, and the availability of resources in
clinical settings. Further studies should seek to identify risk factors for frailty in men
receiving ADT, and seek to explore effective interventions that can halt the ADT-
associated decline in frailty status.

5. 6 Tests of physical function

We found that ADT was associated with a decline in grip strength over 12 months.
The greatest loss of grip strength was in group A who had recently started ADT.
Group A lost 4.3kg, compared with a small loss of -0.4kg. A related finding that will
be discussed later was a significant loss of lean mass in the upper extremities of
group A, compared with C.

Our results support published cross-sectional data that have demonstrated that
ADT is associated with an overall decline in upper body strength 29465, A
longitudinal study in 109 patients with PC compared grip strength over 12 months
856 In those receiving ADT, there was a significant decline in grip strength after 12
months compared to baseline (p=0.04). This was significantly greater those that did
not receive ADT (p=0.01). Radiotherapy treatment, Gleason score and co-
morbidities were not predictive of changes grip strength in this study.

Another longitudinal study compared grip strength in men with PC receiving ADT,
men with PC not receiving ADT and healthy controls. Grip strength significantly
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declined after 3 months in the ADT group, and between 3 and 12 months, grip
strength in the ADT group remained stable. There was no change in grip observed
in the other study groups. Similarly, our study findings that group A lost more grip
strength than group B (group A had received ADT for longer) which suggests that
the most rapid decline in grip strength may occur shortly after ADT initiation. It is
possible that upper body strength is more susceptible to the effects of ADT, as
lower body muscle is more subject to daily usage and intensity, for example
walking, climbing stairs and standing up from a seated position. Prospective
longitudinal studies are required to determine the true rate of grip strength loss
during the first year of ADT, and should also correlate loss of strength with
functional impairment and impact on quality of life. Many studies have sought to
develop exercise intervention programmes to mitigate loss of muscle strength
associated with ADT. Related to our findings, a recent study reported that early
targeted exercise intervention at the onset of ADT may not only preserve, but also
improve muscle strength and physical function 7.

The SPPB score was calculated out of 12 points, and the changes were minimal
over 12 months. This was possibly due to the fact that all participants in all groups
scored the maximum of 4 points for the assessment of balance, and variations in
the total score were due to changes in gait speed and chair stand test. Group A lost
a mean of 0.55 points, whereas group C gained 0.36 points. This was a significant
difference (p=0.001), and could be explained by loss of lean mass and gain of fat
mass that are associated with ADT. Another explanation may involve reduced
physical activity levels in group A (related to ADT-associated fatigue or effects of
radiotherapy treatment). The improvement observed in group C may also reflect
practice effects, whereby positive changes in performance are due to familiarity
with the task.

A previous study in men receiving ADT reported a decline in SPPB score over 3
months, and an increased risk of falls 8 . A cross sectional study comparing men
with PC on no ADT, short term and long term ADT and healthy controls found that
long-term ADT was associated with significantly slower gait speed, and lower SPPB
scores than controls *°2. A lower SPPB score has also been associated with
impairment in daily activities (IADL) in older men with PC 6%,

Group B had a small increase in SPPB score, which was not expected. This group
were receiving ADT and chemotherapy and steroids, the effects of which would
usually be loss of proximal and skeletal muscle. A possible explanation could be
that those able to complete the study assessments were by definition, relatively
physically fit compared to those who had progressive disease and/or were lost to
follow-up. The number of participants in group B that completed the study was
low, and repeating the SPPB assessment in a similar group over 12 months would
help to improve the accuracy of our initial results in this group.
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The advantages of the SPPB score are its ease, lack of equipment and space
required and high reliability and validity %°°. Its minimally clinically important
difference (MCID) has been established; a one-point change leads to a meaningful
difference to an individual in the risk of future mortality and morbidity and loss of
independence >°° 680, However, the SPPB is limited in its ability to distinguish
performance in high functioning individuals, and there is a ceiling effect when used
in active and independent study participants ®1. This was also demonstrated by our
results, all participants scored a maximum of 4 points for the assessment of
balance. A 400m walk test may be a more robust method of assessing physical
performance, however is limited by the space and time available.

5.7 Changes in body composition

Compared to the control group, ADT was associated with an increase in BMI, total
fat mass and total percentage of body fat over 12 months. There was a large
increase in trunk fat mass in both ADT groups, whereas the control group lost fat
mass at this site. Further analysis of upper limbs was undertaken to explore a
possible relationship with of grip strength. Group A lost upper limb lean mass and
gained fat mass, Group B also gained fat mass but there was only a very small
difference in lean mass over 12months. The control group did not experience
much change in upper limb composition over the study period.

In healthy men, androgen levels decline with increasing age. This is due to a
combination of both primary testicular failure (loss of number of leydig cells and
decreased responsiveness to gonadotrophins) and the secondary disruption of the
hypothalamic-pituitary axis (decreased GnRH production or increased suppression)
662,663 There is also an age-related increase in SHBG levels. Low levels of circulating
androgens increase fat mass and decrease lean mass %4, Replacement of
testosterone in men with acquired hypogonadism can reverse the changes on body
composition, however this is clearly not possible in men receiving ADT for PC.

Several studies have demonstrated accelerated loss of lean body mass and gain in
body fat in men during the first 12 months of ADT. This condition is termed
sarcopenic obesity, and predisposes men to frailty, falls and fractures 9%°.
Infiltration of muscle by adipose tissue impairs its strength and function %, and the
pro-inflammatory state that is associated with obesity (and with malignancy)
exacerbates sarcopenia further %7, Meta-analysis has suggested an average 7.7%
increase in fat mass during the first year of ADT, although there was considerable
variation in study design and methodology 2%3. One study investigated the 3-month
change in body composition after ADT initiation, and reported a mean increase of
1.7kg in total fat mass, suggesting that the effects of ADT on adiposity may occur

rapidly after the onset of ADT 284,
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Our results show an increase in trunk fat mass associated with ADT. Prior studies
have also reported that ADT seems to increase abdominal subcutaneous fat (rather
than intra-abdominal fat), with reported gains of 1.4-1.9% in waist circumference
after 6-12 months of ADT 668669 | ow circulating testosterone levels may increase
abdominal fat via loss of the inhibitory effect of testosterone on triglyceride uptake
and lipoprotein lipase activity in abdominal, but not in peripheral subcutaneous fat
670 1t may also promote stem cell differentiation into adipocytes, and has
motivational effects that lead to decreased physical activity ®7%. Testosterone also
stimulates lipolysis and reduces intracellular fat storage 672. Abdominal adiposity is
a risk factor for several important cardiometabolic sequelae such insulin resistance,
hypergylcaemia, dyslipidaemia, hypertension and cardiovascular disease, and is
independent of BMI 673674 The effects of ADT are compounded by a relatively high
incidence of obesity, hypertension, hyperlipidaemia and cardiovascular disease in
men diagnosed with PC, before ADT is even initiated ¢7°. Increased fat mas and
increased BMI are associated with other negative outcomes in men with PC; they
are predictive of skeletal related events and may also increase the risk of death 676
677 . A meta-analysis of prospective cohort studies found that PC-specific mortality
increased by 15% per 5kg/m? increase in BMI 678,

In our study, lean mass (total, and trunk) reduced in group A and C over 12 months,
but did not decrease in group B. It is difficult to explain these findings. It was
expected that Group B would experience the greatest loss in skeletal muscle; this
group had the longest exposure to ADT and also had metastatic cancer with its
associated catabolic state. Group B participants also underwent chemotherapy
during the study and would be more likely to have low physical activity levels.
Importantly, this group also received a moderate dose of glucocorticoids, which
cause muscle atrophy via increased protein degradation (by the ubiquitin-
proteasome and autophagy lysosome systems), decreased production of anabolic
factors such as IGF-1, and impaired protein synthesis ¢7°. It is possible that the
group B participants able to complete all study assessments were exceptionally fit
for their age, or modified their lifestyles to aim to maintain good health in the
context of an incurable malignancy. The number of participants in this group was
relatively low, and investigation in a larger group would be helpful to improve the
accuracy of our findings.

The loss of skeletal muscle mass that was observed in group A was similar to
previously published data in men receiving ADT. In general, ADT has been
associated with a larger gain in fat mass than the loss of lean mass (and an overall
gain in BMI), which occurred in group A. The loss of lean mass was 0.9%, 0.7% and
3.7% in the whole body, trunk and upper limbs, respectively. However, once
adjustment had been made for age, BMI and baseline value, only the loss of
skeletal muscle in the upper limbs was significantly more than the control group.
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Previous studies have found that ADT is associated with between 2- 4% loss of total
lean mass over 12 months 202,680,289,290,681 ‘and 3 recent meta-analysis reported an
average loss of 2.82% (95%Cl -3.64 to -2.01%) over the same period 2%, This occurs
on a background of 1-2% annual age-related loss of lean mass in healthy men 682,
One study identified 1.4% loss of skeletal muscle after only 3 months of ADT 22>,
Other authors have also identified that the most rapid loss of lean mass occurs
during the early phase (first 6-9 months) of ADT 220680262 |n addition, men aged
over 70 years who receive ADT are at increased risk of sarcopenia compared to

262 and ageing (and related changes) is clearly an important

younger men
contributor. The majority of published studies included patients receiving GnRH
agonists as the standard method of ADT. The BLADE study has published the first
results of the effect of GnRH antagonists on body composition (these are
increasingly used in men with metastatic PC) 3291, The results suggest that lean
mass may be relatively preserved by GnRH antagonists, however larger prospective

studies are required to explore this further 68,

We observed a notable loss of lean mass in the upper arms in group A, who lost
significantly more than the control group over 12 months. This was associated with
a reduction in grip strength in group A< as described above. Our findings are similar
to published data, which suggest that upper extremity strength is significantly
reduced after only 3 months of ADT and gradually declines over the course of the
first year 27466 Upper limb musculature may be more susceptible to ADT-induced
hypogonadism and loss of the anabolic effect of circulating sex steroids. Upper
extremities are also usually less subject to daily use (walking, standing) than lower
limbs. Upper limb strength has been improved or maintained when exercise
interventions have been compared to usual care in men receiving ADT %84,

Sarcopenia is multi-factorial, and in men with PC receiving ADT it affects physical
function, notably lower limb muscle strength 54! . Men receiving ADT are at
increased risk of falls and associated injuries and fractures; one study found that
around one quarter of current and past ADT users were recurrent fallers, compared
to 5% of those that did not receive ADT 62,

Guidelines are available for the management of ADT-related effects on body
composition. Suggested interventions may also have a beneficial effect on the
adverse metabolic consequences of ADT, and generally involve increasing
awareness amongst clinicians, risk identification, lifestyle interventions and/or
pharmacotherapy ¢4>1°368 However, published guidance varies in content, by
region and also by the composition of the expert group providing
recommendations. The optimal strategy to prevent or reverse ADT-associated
changes in body composition is not yet clear.

Exercise has an important role in reducing the burden of the undesirable
consequences of ADT. Progressive resistance training can prevent and to reverse
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muscle loss in non-cancer populations of older individuals . In men receiving
ADT, it can maintain lean mass, reduce fat mass and percentage body fat, and
improve arm strength 687,688,689,690,691 Fyercise can also improve cancer-specific
fatigue, quality of life, physical fitness and function in men receiving ADT for PC 34,
However, there is no consensus as to the most effective exercise programme in
terms of frequency, type and duration of exercise in order to achieve these
outcomes. Current UK NICE guidelines for PC recommend a 12 week supervised
programme of exercise for men starting ADT 13, however this is not yet
standardised or embedded in cancer care. Despite support and engagement from
patients, less than 20% of NHS trusts currently have provision for this 3°¢. Concerns
have also been raised regarding the sustainability of exercise after a period of
intervention, which are not maintained after supervision is withdrawn 2. Ongoing
trials aim to explore the efficacy and cost effectiveness of long term exercise

interventions in men with PC, and also explore the role of technology 6°3 3%8,

5. 8 Changes in biomarkers of bone turnover

5.8.1 Resorption and formation markers in non-metastatic prostate cancer

Our study findings suggest that ADT increases bone turnover in men with non-
metastatic PC. Compared to the control group, there was an increase in formation
(PINP and OC) and resorption (CTX) markers in group A.

Our results are consistent with most other studies in which men treated with ADT
for non-metastatic PC had elevated biomarkers of bone turnover when compared
with former ADT users, men treated with antiandrogens, PC controls and healthy
controls 231,294.233,290,694,655 A 12-month prospective study compared men with PC
who had received ADT for less than 6 months (acute ADT), more than 6 months
(chronic), no ADT, and age-matched healthy controls 2°°. After 12 months, the
formation markers PINP, CTX and BALP were significantly elevated in the acute ADT
group compared to all other groups (all p<0.05). The resorption marker NTX was
elevated in all men treated with ADT compared with men not on ADT. Those with
the highest level of bone turnover markers experienced the greatest loss of BMD at
multiple skeletal sites over 12 months. The combination of accelerated bone
turnover and loss of BMD increases the fracture risk in this population, and could
be used in the future to identify a subgroup of men at high risk of bone loss and
fracture after ADT is initiated.

A small study compared 12 month change in bone turnover markers in men
starting GnRH agonist therapy, compared with age-matched healthy controls %,
After 12 months, ADT was associated with a significant increase in the resorption
marker NTX, compared with controls. The formation markers bone sialoprotein and
OC did not differ between groups. A recent study compared men that used ADT

with former ADT users and healthy controls 234, Cross sectional analysis at baseline
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found that PINP and CTX were higher in men who had ongoing ADT. However
longitudinal analysis did not find a difference between groups in the change in PINP
or CTX over 6 months. The authors acknowledged that the study was limited by
small numbers and lack of statistical power to detect differences between groups.

Another study sought to investigate the relationship between ADT, markers of
bone turnover and sex steroids in men with PC treated with and without ADT. The
authors observed higher CTX and bone sialoprotein levels in patients receiving ADT
compared with patients with no ADT, after adjustment for age. There was no
relationship between circulating androgens and bone turnover, however oestrogen
levels were inversely correlated with OC, BALP and TRAP5b. These findings
highlight the importance of oestrogen in bone turnover in males. It is an important
determinant of peak bone mass %7, and exogenous oestrogen has been found to
improve BMD and reduce bone turnover in men with aromatase deficiency 2. In
elderly men treated with both a GnRH agonist and an aromatase inhibitor,
oestrogen (but not testosterone) prevented an increase in bone resorption 42°,
Oestradiol therapy has also been associated with reduced bone turnover in men
with PC receiving ADT 6%,

Bisphosphonates may be used to reduce bone turnover that is associated with
secondary hypogonadism due to ADT. A comparison between ADT and ADT and
pamidronate found that ADT alone led to a significant increase in BALP, OC and
NTX over the 48-week study period 2. In the pamidronate group, markers
generally decreased and returned to baseline levels.

5.8.2 Resorption and formation markers in metastatic prostate cancer

Bone metastases in men with PC are usually osteoblastic, with an increase in both
bone formation and resorption. We found high levels of baseline PINP and CTX in
this group, indicative of a high bone turnover state. The baseline serum PINP
concentration in group B was four times greater than the value for groups A and C,
and CTX was twice as high in group B as groups A and C. These baseline
measurements are expected, and reflect the high prevalence of metastatic bone
disease in group B, which is associated with increased markers of bone turnover in
previous studies. Complex interactions between PC cells and the bone
microenvironment involve the upregulation of osteoblast stimulatory factors by PC
cells (such as PDGF, FGF, IGF-1, BMPs and Wnt) and release of factors that
facilitate bone formation such as VEGF and endothelin 1 327328329 PINP is produced

as a result of type 1 collagen formation.

Over 12 months, PINP levels fell considerably in group B. This is most likely as a

consequence of docetaxel chemotherapy which was used in this group, and reflects
a response to treatment in the bone metastases. The cytotoxic effects of docetaxel
are exerted by its ability to stabilise microtubule assembly and prevent microtubule
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depolymerisation. This prevents mitotic cell division and leads to accumulation of
microtubules and causes apoptosis. In men with metastatic PC, docetaxel is

effective in both the hormone-sensitive and castration resistant settings 700702,

CTX levels were high at baseline in group B and increased slightly over 12 months.
The change in group B was more than we observed in group C but much less than
group A. The use of chemotherapy and glucocorticoids seems to have limited the
increase in bone turnover that is associated with ADT, possibly due to a reduction
in burden and activity of the metastatic bone disease.

Osteocalcin (OC) is a marker of osteoblast function, and is increased in association
with high bone turnover. Serum OC levels increased over 12 months in group B, but
to a lesser extent than was observed in group A. This difference is likely to be
explained by the use of glucocorticoids, which were given alongside docetaxel
based chemotherapy in group B participants. It has been shown in previous clinical
studies that glucocorticoids reduce serum OC levels in a dose-dependent manner
703,704 via modification of the OC gene itself, and also its promoter sites 792706707,

In general, we observed changes in bone turnover that occurred as a result of three
therapeutic agents (ADT, glucocorticoids and docetaxel) that were used in group B
participants. The overall picture is complex, and it is difficult to distinguish between
the effects of the treatments on bone turnover, and changes related to underlying
metastatic bone disease.

5.9 ADT and osteoclast activity

TRAPSb is a sensitive marker of osteoclast number and bone resorption, and the
greatest increase was in group A. A previous study in men with PC has reported
similar results in men treated with ADT, compared with PC controls, and also found
inverse correlation between TRAP5b levels and serum total testosterone (r=-0.33,
p=0.009) and oestradiol (r=-0.28, p=0.003) 78, Osteoclast activity measured by
TRAPS5b levels can be modified by bone targeted agents such as denosumab, and
those with highest TRAP5b levels may benefit the most 22179 | However,
denosumab is not currently approved in the UK for routine use to suppress bone
loss that is associated with ADT 153,

Although TRAP5b results increased the most in group A, group B had the highest
average serum measurement at baseline and at 12 months. The baseline result
reflects the autocatalytic vicious cycle of bone metastasis propagation, where
cancer cells release substances that mediate the upregulation of RANKL and inhibit
OPG and osteoclast activity. The 12 month TRAP5b change in group B was smaller
than groups A and C, which may reflect a high level of baseline osteoclast number
and activity related to the presence of bone metastases.
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Over the 12-month study period there was no significant difference between
groups A and Cin the change in TRAP5b, and our findings suggest that may not be a
useful marker of ADT-associated changes in bone turnover. However additional
data are required to explore this further in larger studies.

5.10 ADT and osteocyte activity

Sclerostin is encoded by the SOST gene, and is one of the main secreted products
of osteocytes . It is considered to be a major negative regulator of bone formation
via the inhibition of Wnt signalling and promotion of osteoclast activity. Levels
increase with age and are higher in men 7%, Over 12 months, we observed a two-
fold greater increase in serum sclerostin in group A compared with group C.
However, this did not reach statistical significance when adjusting for baseline
value, age and BMIL.

Increased serum sclerostin in group A is an expected finding, as ADT increases bone
turnover. Overexpression of the SOST gene is associated with osteopenia, and
sclerostin has also been positively correlated with both BMD and T score 7*712 and
is associated with reduced risk of fracture in older men 713, Oestrogen deficiency
increases sclerostin and is associated with bone loss; this can be prevented by
oestrogen replacement in postmenopausal women 74, A study in elderly men used
GnRH to induce sex steroid deficiency, and found that oestrogen (not testosterone)
prevented an increase in sclerostin 7*4, The interaction between oestrogen and
sclerostin may be due to the effects of oestrogen on the Wnt/B-catenin signalling
pathway; oestrogen binds to its receptor via factors involved in this pathway such
as prostaglandin E2 715716,

Only a few studies have investigated sclerostin in the PC setting. A cross sectional
study found that sclerostin levels were higher in men with non-metastatic PC than
in healthy controls 9. They are also higher in men with PC on ADT, compared with
PC controls that did not have ADT %, In addition to the relationship between
oestrogen and sclerostin described above, there was an inverse relationship
between serum sclerostin and circulating testosterone in men with PC on ADT.
Both sex steroids therefore appear to have important roles in the regulation of
bone metabolism; which is in agreement with studies that have investigated other
biomarkers of bone turnover in older men. In general, oestrogen appears to be the
dominant sex steroid that regulates bone resorption, whereas both oestrogen and
testosterone are important in maintaining bone formation 429714,

Our study results found a small increase in serum sclerostin in group B over 12
months, and this was less than group A and only slightly more than in the control
group. Importantly, there is differential expression of sclerostin in the circulation,
and in bone 719, In animal models, high sclerostin levels reduced PC invasion and
the development of bone metastases 717718, Therefore, evaluation of sclerostin at
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tissue level is required to accurately determine its contribution to metastatic bone
disease ’*°. Previous PC studies have found high levels of sclerostin associated with
bone metastases %9>720 , which may be related to PC cell production of cytokines
such as BMP-6 721, High sclerostin levels inhibit Wnt signalling that is required for
the initiation and progression of metastasis 72722 However, the underlying
mechanism that leads to increased sclerostin at sites of predominantly osteoblastic
bone metastases remains to be determined; a possible explanation is that it may be
a compensatory response to increased osteoblast activity.

There may be a future role for anti-sclerostin antibodies in the management of
metastatic bone disease. Evidence for their efficacy has been established in

724 and they may promote bone formation, prevent cancer-induced

osteoporosis
bone loss, and reduce the rate of progression of bone metastasis in cancer

populations 72>726.727 Although initial results are encouraging, much work remains
to be done to understand the exact contribution of sclerostin to each of the stages
of cancer metastasis, and to cancers other than breast and myeloma, in which the

majority of data to date have been published.

The observed increase in sclerostin in group B may also have been affected by the
use of glucocorticoids. The literature regarding the effects of glucocorticoid use and
sclerostin levels is contradictory. In mouse models, glucocorticoids increase SOST
gene expression 728, and sclerostin deficiency or inhibition maintains bone mass
and integrity in conditions of glucocorticoid excess 3. Glucocorticoids have also
been associated with increased osteocyte apoptosis 72°. In human studies, results
have been mixed. One study found that 12 months of glucocorticoid treatment
significantly increased serum sclerostin 739, whereas other studies have reported
the opposite 731732733 |n general, data are scarce, and limited by poor study design
(non-blinded or randomised) different assays used, heterogeneity of study
populations, doses and forms of glucocorticoids and duration of follow up.

5.11 Conclusion: the effects of ADT on biomarkers of bone turnover

ADT was associated with an increase in the rate of turnover compared to the
control group, based upon significantly increased levels of PINP and osteocalcin in
group A, and also a trend towards a greater increase in CTX. We can be confident
that our findings are accurate, as the groups were well matched by size and age,
the groups were similar at baseline, and adjustment was made for age, baseline
value and BMI when the 12 month changes were compared. Similar values for CTX,
PINP and osteocalcin at baseline suggest that important ADT-related changes in
these markers had not occurred at the time of the baseline study visit. In group B,
the combination of ADT, chemotherapy and glucocorticoids caused PINP levels to
fall over 12 months, and there were slight increases in CTX and osteocalcin, that
were greater than in the control group, but that had been attenuated by the likely
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response of the bone metastases to systemic therapies. Despite a reduction in
PINP and smaller increases in CTX and osteocalcin than group A, the average 12
month values for these markers in group B was still higher than in group A,
indicative of an underlying high bone turnover state.

Trap5b levels increased the most in group A, however the change was not
significantly greater ta in group C, and the highest levels of Trap5b were observed
in group B. Sclerostin levels increased the most in group A, but there was no
difference between groups over 12 months. We have confirmed that ADT is
associated with a disruption in bone homeostasis, and that non-invasive
measurement of markers of bone turnover is feasible and can detect important
changes. Whether these changes are related to important density and
microstructural changes is not clear, and future work should seek to investigate this
further, in addition to their relationship with fracture outcomes in men treated
with ADT.

5.12 Changes in areal bone mineral density

Between 1-2% loss of BMD is lost on an annual basis, in healthy men. Men with PC
appear to lack knowledge about the risk of treatment-associated bone loss and the
role of lifestyle modifications, which is not always considered by clinicians 734735346,
It is also evident that a low proportion of men starting ADT currently undergo
routine BMD testing 3%, despite evidence that it is a cost-effective intervention 73’
and recommended by guidance 34>346.153,738,145 Thjs is in contrast to breast cancer,
where guidelines are well established for the assessment and management of bone
loss related to cancer treatment, and consideration of bone health is standard

practice 739741,

Our study excluded men found to have osteoporosis at baseline, as abnormal
baseline values would have affected our findings, and allowed the affected
individuals to seek appropriate and timely treatment. We excluded 6 men found to
have osteoporosis at baseline; five of these were in the ADT groups and only one
was a healthy control. Our findings at baseline support previous data that
osteoporosis (and osteopenia) are more common in men with PC than healthy

men, and are also more common in men with PC receiving ADT, than PC controls
742

Between 3.9% and 37.8% of hormone naive men with PC were found to have
osteoporosis by a recent meta-analysis, this was lower than in men with PC
receiving ADT (prevalence 9-53%) but greater than in healthy older men (6-10%)
211 Another study reported an incidence of osteoporosis of 42% in men with PC
compared with 27% of age matched healthy men (p=0.022) 742, Evidence also
suggests that less than one in five men with PC due to start ADT have normal BMD
205 and data from prospective studies has shown that BMD is lower at the lumbar
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spine, hip and forearm in men starting ADT for PC, compared with age-matched
healthy controls 243743, Q-CT may also increase the diagnostic yield of osteoporosis
when compared more established DXA techniques 744. The increased prevalence of
osteoporosis in men with PC is likely to be multifactorial; related to age, co-morbid
conditions and other fracture risk factors. However, data from our study and from
published literature suggest that PC itself may be a risk factor for osteoporosis,
independent of ADT or age. In those with metastatic disease this could relate to
increased bone resorption, and in those with localised or locally advanced disease
could relate to PC cell production of PTHrP or other similar factors that act to
disrupt the bone remodelling equilibrium 328,

Once individuals with osteoporosis had been excluded from ongoing study
participation, baseline BMD and BMC were similar between study groups at all
skeletal sites. This suggests that important ADT-related changes had not occurred
before study participation (the median time from ADT initiation to baseline visit
was 20 days in group A and 57 days in group B). The study exclusion criteria
ensured that observed differences between groups were related to ADT rather
than other influences on bone. In addition, we excluded men with metastatic bone
disease affecting the spine from group B, in order to improve the accuracy of our
DXA spine results.

We found that ADT was associated with significant loss of areal BMD at the LS, FN,
TH and TB and loss of BMC over 12 months (p<0.001 for all comparisons). The
skeletal site that experienced the greatest reduction in areal BMD was the LS,
where losses were 3.94% and 5.9% in groups A and B, respectively. Loss of BMD at
TH, FN and TB were between 2.8% and 3.8% in groups A and B, and there was a
small gain in BMD at all sites in group C.

ADT has previously been associated with loss of areal BMD. However, the
magnitude of change has varied by the skeletal site(s) measured, methodology and
number of participants. Only a few longitudinal studies have investigated change
in BMD in the period following ADT initiation. A comparison of 62 men starting ADT
for PC and age-matched PC controls not receiving ADT found that ADT was
associated with significant BMD loss over the first 12 months 238, The mean losses
in the ADT group were 4.8% at LS, 2.99% at FN and 3.76% at TH. A similar study in
185 men with hormone naive PC and healthy controls reported that BMD
decreased the most at the LS and TH in the ADT group, and significantly more than
in the control group (p=0.004 for LS and <0.001 at TH) 743. After 12 months, the
prevalence of osteoporosis at the LS was 18% in men receiving ADT (4% of these
had vertebral fractures identified) and 4.8% in the control group. Both of the
above studies included an additional year of follow-up between 12 and 24 months
after ADT initiation. BMD loss continued at a significantly greater rate than the
control groups, but it was less than the change observed over the first 12 months
of ADT 238743,
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Another study found a significant decrease in LS and TH BMD over 12 months
following ADT initiation 81, BMD loss was greater than 2% at the LS and TH in 54%
and 43% of participants, respectively, with a parallel reduction in BMC. Another
study compared BMD in men with PC due to commence ADT with age matched
healthy controls over 12 months. BMD loss was greatest at TH (-3.3%) and ultra-
distal radius (-5.3%) in the ADT group, with no change in the control group . ADT
was associated with decreased BMD at all other sites measured (2.3-2.8%) but
these were not significant when compared to baseline, likely due to a lack of power
due to a small number of participants.

BMD change at TH was over 12 months was investigated along with body
composition in men receiving ADT 236, The authors reported a 1.9% reduction in TH
BMD over 12 months, which was a smaller change than we observed at TH (3.3%
and 2.8% in groups A and B, respectively). However, the duration of ADT and age of
participants varied from our study; one third had been on ADT prior to study entry,
and the average age was only 66 years, which may account for the difference.

A recent cross sectional study included a group of men on ADT, with a median
duration of ADT of 12 months. In comparison to healthy controls and PC controls
(no ADT), the ADT group had 7.2% lower BMD at LS than PC controls (p=0.037) and
7.8% lower BMD than healthy controls (p=0.01) 2*°.

In addition to longitudinal changes in BMD, some investigators have explored the
temporal relationship between ADT and BMD. A 12-month prospective study
compared men receiving acute ADT ( less than 6 months), chronic ADT ( more than
6 months), no ADT, and healthy controls 2°°. Compared to baseline, acute ADT was
associated with a significant reduction in BMD at TH (-2.5%), trochanter (-2.4%),
radius (-2.6%), total body (-3.3%) and the greatest loss of -4.0% was observed at
the LS (all p values <0.05). Chronic ADT was associated with loss of BMD at the
radius, with no difference in the no ADT or control group. Another comparison of
similar groups (acute and chronic ADT, healthy controls) also included a group of
former ADT users 234, Chronic ADT was associated with reduced TB BMD compared
with all other groups in cross sectional analysis 3*. After 6 months, there was
significant loss of BMD at the distal forearm (4.08% and 2.7%, P =0.012 and 0.026,
respectively) in acute and chronic ADT groups, with smaller but non-significant loss
of FN BMD (-1.52%, p=0.42 in acute ADT group; -1.4%, p=0.16 in chronic ADT).
Former ADT users experienced a significant gain in BMD at LS (+2.84%, p=0.0076)
and FN (+1.59%, p=0.002). These findings suggest that it is possible to recover TB
BMD after ADT discontinuation, and support previous observations that ADT causes
loss of BMD that is most marked during the first 6-12 months of treatment.

Compared to most other skeletal sites, the LS has a high proportion of trabecular
bone (approximately two thirds), which is more metabolically active than cortical
bone and may be more susceptible to ADT-related changes
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28<sup>243</sup><sup>243</sup><sup>243</sup><sup>243</sup><sup>243</su
p><sup>243</sup>. This is supported by results from studies in hypogonadal men
treated with testosterone supplements, where LS BMD increases more than BMD
at TH and FN 7%, The susceptibility of trabecular bone to the effects of ADT has also
been highlighted by studies of men receiving intermittent ADT, where there LS
BMD recovers rapidly during the first off-treatment period 7#6. This recovery has
also been correlated with normalisation of serum testosterone levels 747,

ADT significantly affects BMD at the distal radius where trabecular bone

6% and where BMD is predictive of osteoporotic fractures in men 19,

predominates
We also measured changes in volumetric BMD at this site, and which will be
discussed below. Overall, our results suggest that ADT affects areal BMD at all
skeletal sites, and appears to have the greatest effect at the LS, in support of the
theory that trabecular bone is most susceptible to the effects of ADT. However, it is
also important to interpret LS BMD data with caution in an older population.
Degenerative changes and vascular calcification may falsely increase the results at

this site.

The 12 month BMD changes at the FN, TH and TB were similar in groups A and B.
However, LS BMD decreased more in group B than in group A, which is possibly
related to the use of glucocorticoids (GC) in group B. GC use is the commonest
cause of secondary osteoporosis, and well known to be associated with BMD loss
383 Group B lost the most BMD at the LS, which may relate to greater susceptibility
of trabecular bone and the cortical rim of vertebral bodies to the effects of GC 74,
Bone biopsies from individuals treated with long term GC show increased
resorption, loss of trabecular volume and increased separation 74874° The
trabecular bone score (TBS) is an indirect index of trabecular bone architecture
obtained by DXA and which has predictive value for fracture independent of BMD
456,383 TBS is usually lower in GC treated individuals than in non-GC treated
individuals, even with the same BMD °1%750 and GC associated reduction in TBS has
also been reported as most marked in men 71, Our findings suggest that the
combination of ADT and GC in men with metastatic PC has a significant negative
effect on BMD at the LS, and may contribute to an increased risk of fracture, even
before changes in spine bone microarchitecture (discussed below) are taken into
consideration.

5.13 Changes in volumetric bone density

The primary aim of this study was to determine the change in volumetric BMD at
the distal radius using HR-pQCT. Unfortunately, we were only able to obtain HR-
pQCT data for 56 participants (75%), as a result of losses to follow-up, technical
complications with the scanner, and motion artefact. Another study that used HR-
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pQCT at the distal radius in men with PC reported a similar rate of scan exclusion
due to movement (19%) 9, Motion artefact is a well described shortcoming of HR-
pQCT, and occurs as a result of tiny movements (as small as 50um) over the scan
acquisition period of up to three minutes. It is extremely difficult to prevent all
movement, even when peripheral skeletal sites are immobilised in a cast, the risk is
slightly less when HR-pQCT is used at the tibia 63°. Motion artefact ultimately leads
to poor image quality and can introduce error into measurements, especially
microarchitectural parameters 6%, Although grading systems have been developed
639,752 motion scoring is a subjective assessment with poor agreement between
assessors 40, To ensure accuracy of our data, our radiation protection assessment
allowed for one repeat scan if there was significant movement during the first scan.
Study participants with significant motion at baseline did not have a follow-up scan,
and both baseline and follow-up scans were excluded when motion was
problematic at follow-up.

Using HR-pQCT, we found that ADT was associated with a significant reduction in
vBMD, with a mean difference of -11.7mg HA/cm?3 (p<0.001) between group A and
the control group. The loss of vBMD was very similar in groups A and B (-13.7 and -
13.5 mg HA/cm3, 4.1% and 4.3% respectively). Loss of cortical vBMD accounted for
the majority of the decline in total vBMD; group A lost 3.2% of cortical BMD, with a
1.12% reduction in trabecular BMD. The annual loss of vBMD in healthy older men
is between 0..5% and 1.0% %¢, which is similar to our findings in the study control
group (0.42% total vBMD loss). Our results demonstrate that ADT is associated with
accelerated loss of total BMD, and affects both cortical and trabecular bone.

Only a few studies to date have used HR-pQCT to assess vBMD in men with PC
receiving ADT. Our findings correspond with those from a prospective
observational study of 26 men with non-metastatic PC starting ADT, with a similar
mean age (70.6 years) and BMI (27.6kg/m?) to our study cohort. vBMD was
measured at the distal radius at baseline, 6 and 12 months 9. Over 12 months,
vBMD decreased by 5.2%, mostly due to a 3.4% reduction in cortical vBMD, with a
1.1% loss of trabecular vBMD.

A cross sectional study included 70 men with PC on ADT (median duration of 12
months), 52 PC controls (o ADT) and 70 age matched healthy controls 2°. At the
distal radius, total vBMD was significantly lower in the ADT group than in the PC
and healthy controls (14.4% and 12.2%, respectively, p =0.001 for both). Trabecular
vBMD was also significantly lower than PC controls (14.8%, p=0.003) and healthy
controls (10.7%, p=0.029). Cortical vBMD was not reported, and there were no
differences in vBMD between groups at the proximal radius.

A feasibility study in 22 men who had recently started ADT for PC used HR-pQCT
techniques at the radius and tibia %3°. Trabecular vBMD at the radius was
negatively correlated with the duration of ADT and positively correlated with
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serum testosterone. However, the small number of study participants, cross
sectional design, median age (64.5 years) and lack of published methodology are
clear limitations.

A randomised placebo controlled trial in men with non-metastatic PC starting ADT
compared microarchitecture using HR-pQCT in a group given one dose of
zoledronate and a placebo group 3. Total vBMD at the radius decreased over 12
months in both groups, with a greater reduction in cortical vBMD than trabecular
vBMD. Interestingly, a single dose of bisphosphonate did not prevent loss of total
vBMD at the radius or tibia over 12 or 24 months. The only effect on volumetric
BMD was a modest benefit in preventing loss of cortical vBMD at the radius after
12 months. In support of other published data, zoledronate was associated with
improvement in DXA areal density outcomes.

Together with published data, our results indicate that ADT affects both cortical
and trabecular bone density at the distal radius, and it appears that loss of cortical
density contributes more to loss of total vBMD.

5.14 Changes in bone microarchitecture

In addition to reduced cortical vBMD, we found that ADT was also associated with a
significant loss of cortical area (7.9% in group A) and thickness (8.2%), and
increased cortical porosity compared to the control group. The results for cortical
microarchitecture in group B were similar to group A and followed the same trend.
In mouse models, orchiectomy decreases cortical density and thickness, and
androgen receptor knockout increases bone turnover and resorption with loss of
cortical bone area and volume 7>>7>*, Our results correspond with those from a
previous longitudinal study, which reported that ADT led to a 5.1% reduction in
cortical area after 6 months, which increased to 11.5% at 12 months . The
derived measure of cortical thickness decreased significantly by 11.3% over 12
months. A subset of men receiving ADT in a prospective cohort study experienced
significant and rapid declines in total and cortical BMD, cortical area and thickness
836 In older healthy men, those with the lowest levels of serum testosterone
experienced the most rapid decrease in cortical area at the distal radius 63,

We also observed important changes in trabecular microarchitecture. Trabecular
area and BV/TV increased significantly in group A compared with the control group,
and there was a trend towards increased trabecular separation. In general, data
regarding microarchitectural changes in men with PC are scarce. Both the BV/TV
ratio and duration of ADT have previously been correlated with total BMD at the
ultradistal radius. Increased trabecular area has also been associated with

ADT 836680 3long with a decrease in trabecular number; which did not quite reach
significance in our study. In addition to CT techniques, high resolution MRI has
been used in men with PC. This technique classifies each image voxel as belonging
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to a surface or curve junction and quantifies the degree to which trabecular plates
(surfaces) have deteriorated to become rods (curves). The bone/tissue volume was
lower, surface density was lower and erosion index was higher (indicative of worse
trabecular structure) in men receiving ADT and who had moderate to severe
vertebral fractures 2'7. Another study used magnetic resonance imaging to
investigate bone density and trabecular architecture in hypogonadal men 7>, There
was no difference in bone density between hypogonadal men and age matched
men, but trabecular architecture (using surface/curve ratio, bone volume fraction
and erosion index) deteriorated significantly in the hypogonadal group.

The changes in trabecular architecture in group B were mixed, and did not follow
the same pattern as group A. There was a gain in trabecular area and a reduction in
BV/TV, along with corresponding loss of trabecular vBMD, which were also
observed in the group A and reported in previous studies. However, we found that
there was there a gain in trabecular number and a reduction in thickness and
separation, which were opposing findings to group A. The difference between
groups was the use of GCs in group B. Studies that have assessed
microarchitectural change associated with GC use have reported increased
trabecular separation, reduced number and thickness at the radius °1%7%%, |t is
possible that there has been an error in image analysis, although highly trained
scan technicians and standard software would make this unlikely. An increase in
trabecular number and loss of separation in group B may result from the
combination of ADT and GC causing rapid loss of cortical bone, and
trabecularisation of cortical bone. The small number of group B participants that
completed both HR-pQCT scans limits the ability to draw firm conclusions, and
further investigation is needed.

5.15 Changes in bone strength

We found that ADT was associated with reduced bone stiffness and ultimate failure
load, although only the latter reached significance when compared with group C.
To our knowledge, there are no published data regarding FEA outcomes for bone
strength in men receiving ADT. One recent study applied a bone strength index
(BSI) 7*” and calculated the polar moment of inertia 2’ in HR-pQCT scans undertaken
in ADT and non-ADT treated men 2>, BSI at the distal radius was reduced by
between 23.6% and 27.5% in men treated with ADT when compared to healthy
men and PC controls (p<0.001). There was no difference between groups in the
polar moment of inertia at the proximal radius. BSl is a less sophisticated measure
than FEA, and may affected by loss of total and trabecular vBMD.

We observed the greatest reduction in distal radius stiffness and strength in group
B, likely as a consequence of the ADT and glucocorticoid combination. Central HR-
QCT FEA evaluation of vertebra in men with GC induced osteoporosis found that
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bone strength showed the most significant association with vertebral fracture 7°8 .

This study also confirmed the superiority of high resolution techniques over DXA.
Limited evidence in men with GC induced osteoporosis suggests that bone strength
and stiffness may be improved by anti-resorptive treatment 7°°.

FEA data from eight HR-PQCT studies were combined and used to explore the
relationship between HR-pQCT outcomes, aBMD and fracture incidence in over
7,000 individuals 7%°. The majority of participants had normal aBMD. Failure load
was most strongly predictive of future fracture, and at the radius the HR for
fracture was 2.13, (95% Cl 1.77-2.56) per SD decrease in failure load. Other
important microarchitectural predictors of fracture included cortical vBMD,
density, trabecular number, and thickness at the distal radius. Reduced failure load
may contribute to risk of fracture independently of BMD and FRAX. Additional data
are required in men with PC to more accurately determine the magnitude of ADT
related changes in bone strength, and the effect of anti-resorptive therapies. There
may be a future role for assessment of volumetric density, microstructure and
strength in selected individuals, however high resolution techniques are not yet
widely available.

5.16 Strengths of study

This is the first study that has used a combination of established and novel
techniques to investigate longitudinal changes in bone turnover, density, structure
and strength in ADT-treated men with PC. It is the first investigation of changes in
bone turnover, density and structure in men with metastatic hormone sensitive PC
who are treated with chemotherapy and GCs.

A key strength of ANTELOPE is the prospective study design, and inclusion of a
longitudinal control group that were well matched by age and BMI to group A. This
increases the likelihood that observed changes are related to the effects of
therapy. The study inclusion and exclusion criteria were selected to exclude
important conditions that would affect bone, but also allow for the study to recruit
to target. An initial power calculation identified a minimum of 26 participants
required in each group to detect important differences.

All study assessments were completed on the same day. Additional logistical
strengths included the use of the same DXA and Xtreme (HRpQCT) scanner
machines, and the undertaking of all scans by the same two highly trained
operators, using established standard operating procedures. These same two
individuals carried out scan image analysis. Tests of muscle function and strength
were assessed using the same equipment and standard protocol. Serum testing
was standardised by ensuring that all samples were fasted and taken at the start of
the day, as several of the biomarkers exhibit postprandial and circadian variation.
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Analysis of biomarkers was undertaken simultaneously in batch analysis at the end
of the study.

Statistical strengths included adjustment for skewed data, the use of both repeated
measures ANOVA model testing for an interaction between time and group, and
ANCOVA, which adjusted 12 month changes for age, BMI and baseline value.

5.17 Study limitations

Whilst the study design sought to minimise bias, recruitment of the control group
was done by advertising and approach of previous volunteers. Volunteer bias may
have led to the recruitment of a healthier or more health conscious control group,
who may not fully represent the general population.

We recruited a total of 99 participants who underwent baseline study assessment.
Although this was greater than the initial recruitment target, the final number of
study participants was lower than expected. We allowed for 10%of participants to
be excluded or lost to follow-up in the study design. In reality, a greater proportion
(13%) required exclusion at baseline, and a further 13% were lost to follow-up over
the study period. Group B experienced the greatest loss to follow-up. Of 25
participants that completed the baseline visit, 7 (28%) did not complete the study,
a reflection of their underlying condition, age, and complications associated with
treatment. Although men with metastatic hormone sensitive PC have a median
survival of 4-8 years %7792 some individuals have aggressive and rapidly
progressive disease. In the primary comparison between groups A and C, for the
majority of study outcomes, the number of participants in these groups was
sufficient, based on the initial power calculation.

The ANTELOPE exclusion criteria included those participants found to have
osteoporosis at their baseline visit. Whilst this was ethically and clinically sound, it
may have underestimated the magnitude of bone loss that occurred in groups A
and B; those with lower BMD related to age, genetic and lifestyle factors may have
experienced the greatest BMD loss related to ADT, chemotherapy and GCs.

An additional challenge to the final sample size arose from motion artefact on HR-
pQCT scans. This was most problematic in group A, where only 18 participants had
acceptable scan images at baseline and 12 months. Whilst the incidence of motion
artefact was similar to results from previous studies, it is possible that our study
was underpowered to detect between group changes in HR-pQCT outcomes. We
could have undertaken additional HR-pQCT scans at the distal tibia, however this
would have added significant cost, radiation exposure, and still has the risk of
motion artefact. We chose to assess microarchitecture at the radius due to several
factors; published data suggest it is highly susceptible to the effects of ADT; bone
metastases in PC rarely affect the radius; and because radius BMD has been shown
to predict fractures in men.
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The timing of recruitment in relation to ADT initiation required scientific accuracy
of the results to be balanced with feasibility of recruitment. Ideally, participants
would have their baseline study assessment undertaken before ADT initiation, in
order to fully capture ADT-related changes. However, for ethical, logistical and
practical reasons, this was not possible. We did not collect data regarding
compliance with ADT, however our results for serum testosterone and oestradiol
levels in group A and B suggest that compliance was excellent. Study data regarding
medications, supplements, falls, frailty and FRAX risk factors were collected from
guestionnaire data, and therefore subject to re-call bias.

Participants in groups A and C underwent high resolution CT scans of T12 as
described in chapter 2, section 2.2.7.3. Image analysis from these scans has been
delayed due to covid-19 pandemic factors. It would be useful to have this data
regarding central skeletal microarchitecture in addition to the peripheral HR-pQCT
measurements. Notably, the greatest loss in aBMD in ANTELOPE participants
occurred at the lumbar spine. It is hoped that HR-CTR data from T12 would confirm
ANTELOPE study findings at the distal radius, and determine the pattern of bone
loss and cortical and trabecular deterioration in greater detail, and also help to
select the best bone targeted therapy for this group.

5.2 ANTELOPE: Main conclusions and future work

ANTELOPE is the first study that has investigated ADT and chemotherapy-
associated changes in aBMD, vBMD, microarchitecture, estimates of bone strength
and body composition. The ANTELOPE study results are in agreement with existing
data, but have also added significantly to our knowledge and understanding of the
effects of ADT and chemotherapy on bone, body composition, frailty and physical
performance (table 31).

We found that recruitment and retention of men receiving treatment for PC
(including those with metastatic disease) is feasible, but that there are logistical
challenges in undertaking additional assessments before ADT is initiated.
Longitudinal study of those with advanced disease is difficult due to a combination
of their underlying condition and treatment-related adverse effects.

Our results have identified that frailty is an important clinical problem in men with
PC who start ADT. Although there is an increasing focus on geriatric assessment in
clinical oncology practice, many studies to date are retrospective, have small
numbers of participants and only a few have been undertaken in men with PC. We
found that frailty is more prevalent in men diagnosed with PC than healthy age
matched men, and the prevalence appears to increase after ADT is initiated. This
may relate to factors other than ADT, such as co-morbid conditions and the effects
of cancer treatments such as fatigue. Nevertheless, frailty is an important clinical
syndrome, which is related to reduced mobility and falls, the latter of some
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concern in an older male population with PC, likely to have reduced BMD due to
age and ADT.

Recent efforts have sought to increase awareness and understanding of frailty in
oncology patients, and guidelines are available for the identification of frailty and
other geriatric syndromes. In geriatric medicine, CGA is the gold standard for frailty
diagnosis, however this is time consuming and requires a multi-disciplinary team.
Frailty screening tools may predict which individuals are likely to benefit from CGA,
however there is no consensus as to which tool is best to use in the oncology
setting. A significant concern related to frailty assessment is a lack of published
intervention studies; these are only just beginning to emerge in the literature, and
no study to date has reported data in participants with cancer.

There is an urgent need for further studies; both epidemiological studies that
robustly assess the prevalence of frailty in men with PC, in addition to well-
designed frailty intervention studies that include cancer-specific outcomes and
include health economic aspects (figure 27). Alongside these initiatives, the
importance of frailty and methods used to identify the condition needs to be
highlighted in the education, training and professional development of clinicians
across the multidisciplinary PC team.
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Table 31: Contribution of ANTELOPE data to our current understanding of the effects

of ADT on bone, body composition, frailty and physical performance

What was previously known (and has
been confirmed by ANTELOPE)

Additional information provided by
ANTELOPE

ADT is associated with a rapid and
significant reduction in circulating sex
hormones

ADT causes increased bone turnover

ADT causes aBMD loss at TH, LS, FN and
TB (Chapter 1 table 4 and 5)

ADT is associated with gain in BMI, fat
mass and loss of lean mass (sarcopenic
obesity, Chapter 1 table 6)

Men with PC are at increased risk of
fracture compared with the general
population

A significant number of men with PC
have a fracture risk above the
intervention threshold for treatment
(limited data, Chapter 1 table 7)

Frailty and pre-frailty are common in
cancer patients

Longitudinal assessment of men with
advanced cancer is difficult and losses
to follow-up are significant

ADT causes increased bone turnover,
with important increases in the
biomarkers PINP, osteocalcin and CTX
Interpretation of biomarker changes in
men with metastatic bone disease
treated with ADT and chemotherapy is
challenging due to multiple
mechanisms responsible for change
12 months of ADT causes loss of aBMD
at all skeletal sites, and affects LS the
most

HR-pQCT measurement at the distal
radius is limited by motion artefact
ADT is associated with significant loss
of vBMD at the distal radius, due to
loss of both cortical and trabecular
vBMD.

ADT increases cortical porosity, and is
associated with loss of cortical area
and thickness and deterioration in
trabecular architecture

ADT compromises bone strength and
stiffness

The majority of all older men have a
fracture risk above the intervention
threshold for treatment

12 months of ADT (with or without
chemotherapy) is associated with
deterioration in frailty status

ADT lead to gains in BMI, fat mass and
% body fat, especially trunk fat mass
ADT significantly affects upper limb
body composition, there is increased
fat mass and loss of lean mass

ADT is associated with a significant
reduction in grip strength and worse
physical performance over 12 months
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Risk factors for hip and major osteoporotic fracture are prevalent in both men
starting treatment for PC and also in healthy age-matched men. The most frequent
risks include increased age, raised BMI, parental history of hip fracture and alcohol
intake in excess of recommended limits. A very small proportion of men appear to
regularly use calcium and vitamin D supplements.

Using FRAX, the risk of fracture is greater when clinical risk factors are used without
BMD, which relates to a conservative estimate of fracture probability when BMD is
unknown 0, Three quarters of men in our study were at sufficient risk of fracture
to warrant intervention based on NOGG thresholds. Over ten years and without
bone targeted treatment, as many as eight of our study participants would be likely
to experience a significant fracture. The economic and social burden of hip and
major osteoporotic fractures cannot be underestimated, in terms of the cost to
health and social care services related to loss of independence, hospitalisation,
surgical interventions and need for long term medications and care. Fractures are
also associated with deterioration in quality of life, and in men with PC, lead to
increased mortality. This must be balanced against the relatively low cost of most
anti-resorptive therapies.

Our findings highlight the importance of routine assessment of fracture risk in
clinical practice. This should be considered in all older men, and especially in those
starting ADT. Our risk estimates were undertaken without inclusion of ADT and GC
use as a secondary cause of osteoporosis; in which case the risk would be even
greater, and bone targeted treatments would be indicated in a larger proportion.
However, compared to the female population, assessment of bone health in male
patients is less frequently considered. In women receiving hormone based
treatment (such as aromatase inhibitors) for breast cancer, assessment of fracture
risk is standard practice, yet this is not yet the case in PC care. Current guidance for
assessment of fracture risk in ADT-treated men varies by country, composition of
the expert group of authors, health service design and availability of BMD testing.
In general, fracture risk assessment is recommended in all men due to commence
ADT (NICE clinical guideline 131) 3, but in practice, this is often not done. In the
UK, it is not clear where the responsibility lies for consideration and optimisation of
bone health, as the management of men with PC involves urology and oncology
services in addition to primary care. Clarification of this by national guidance, in
addition to appropriate service design, commissioning and design of clinical
pathways for bone health assessment in men starting ADT is urgently required.

Treatment with ADT is associated with important physical changes during the first
year of therapy. The reduction in grip strength may be related to loss of upper limb
lean mass and increased fat mass. Few studies have reported regional body
composition changes related to ADT, and it is not yet clear whether this would
relate to functional impairment. ADT has consistently been associated with
sarcopenic obesity, with significant gains in BMI, trunk fat mass and loss of lean
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mass. Together with metabolic changes associated with ADT, this has potentially
serious consequences in terms of cardiovascular risk. Exercise interventions have
an important role in mitigating the effects of ADT, and supervised exercise
programmes are recommended by current PC guidelines. However, it is unclear
whether the benefits ae sustained when the period of supervision ends, and
current studies aim to evaluate the efficacy and cost effectiveness of long term
exercise interventions (figure 27).

ADT increases bone turnover, evident in measurement of biomarkers of bone
resorption and formation. TRAP5b and sclerostin are novel markers, which may
have a role in non-invasive assessment of the activity of BM and response to ADT in
bone, however require further investigation in a larger number of men. Biomarker
interpretation is challenging in men with metastatic bone disease, it is difficult to
distinguish between changes related to response to systemic treatment by BM, and
the effects of ADT.

ADT is strongly associated with loss of areal BMD, most significant at the LS, with
effects at the TH, FN and TB, with a corresponding reduction in BMC. Loss of vBMD
at the distal radius over 12 months is approximately four times greater in
association with ADT than would be expected from increased age, and occurs as a
consequence of both cortical and trabecular vBMD loss. ADT-associated
microarchitectural changes include loss of cortical area and thickness, as well as
increased porosity. Trabecular microarchitecture deterioration occurs with ADT,
and is manifested by an increase in trabecular area, separation and BV/TV. ADT
also compromises bone strength, represented by a significant reduction in failure
load, and a possible reduction in stiffness, and the addition of GC and
chemotherapy appears to accelerate this effect.

Ongoing analysis of the HR CT scans carried out in ANTELOPE Group A and C
participants (delayed by Covid-19) will provide information regarding vertebral
microarchitecture, and FE estimates of bone strength. Given that the loss of aBMD
was greatest at the LS using DXA, it is anticipated that this site will experience an
even greater deterioration in vBMD, microarchitecture and strength. Based upon
these findings, future studies should aim to determine which anti-resorptive
therapies are the most effective in the prevention of bone loss and in maintaining
microstructure and strength (figure 27).
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Figure 27: Summary of important future research questions in ADT-treated men with PC
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5.3 Overall conclusion

PC is increasing in both incidence and survival, and consideration of the long term
consequences of PC treatments are of increasing importance. The adverse effects
of PC treatment have the potential to significantly impact quality of life, function
and independence.

ADT is the cornerstone of treatment for PC, and is associated with improved overall
survival in appropriately selected patents. ADT affects aBMD, and the greatest
reduction has been observed during the first 12 months of therapy. The ANTELOPE
study has confirmed that ADT is associated with significant loss of aBMD at all sites
over 12 months, with the LS affected the most. This is of significance, as vertebral
fractures are frequently associated with skeletal fragility, are often difficult to
detect, and are associated with significant morbidity and adverse health outcomes.

ANTELOPE also identified significant vBMD loss at the distal radius as a result of
ADT, and that this may be accelerated in men treated with chemotherapy and GCs
in addition. Both cortical and trabecular vBMD loss contributed to the overall loss
of vBMD. ADT appears to cause a reduction in cortical area and thickness,
increased porosity and loss of trabecular area. ANTELOPE is the first study to
identify this pattern of microarchitectural deterioration over 12 months of ADT,
and has also identified a corresponding reduction in bone stiffness and strength
using FE methods.

ADT is also associated with; a sarcopenic obesity phenotype; loss of upper limb
lean mass and gain in fat mass; accelerated bone turnover, and compromise of
both bone density and structure which are key determinants of whole-bone
strength. These effects are super-imposed upon a population of older men who are
already likely to be at increased risk of fracture due to their age, co-morbid
conditions and frailty.

Assessment of bone health is an unmet need in ADT-treated men. Education of
patients and clinicians is poor, fracture assessment is not standard practice, DXA
estimates of aBMD underestimate the risk of fracture, and it is not clear how ADT
treated men are best selected for intervention. Without the introduction of
strategies to risk stratify men, select appropriate individuals for intervention, and
clarify who has responsibility for bone health optimisation, men treated with ADT
are more likely to experience avoidable fractures which have considerable
economic, social and personal cost. There is also a need to implement and evaluate
evidence supporting the use of lifestyle interventions and optimal therapeutic
strategies to ameliorate and manage the adverse effects of ADT (figure 27).
Increased awareness of the challenge to, and the importance of skeletal health in
men with PC treated with ADT is essential, in order to minimise treatment
associated morbidity and mortality.
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Chapter 6: Potential biomarkers of metastatic bone disease in
prostate cancer

6.1 Overview

Chapters two, three four and five have explored the effect of ADT, chemotherapy
and GCs on bone loss, microarchitecture, body composition and serum hormones
and biomarkers in men with PC. This chapter will investigate metastatic bone
disease, which is another potential skeletal complication of PC and its treatment.
Chapter one provided a thorough overview of PC and metastatic bone disease, and
included the classification, pathophysiology and sequelae of bone metastases (BM).

This chapter will present the methods and results of a laboratory based project,
where both established and novel proteomic techniques were applied to PC cell
lines. This project sought to determine whether biomarkers may be used to predict
the development of future BM in PC.

6.2 Introduction

Between 10-20% of men with prostate cancer (PC) have bone metastases (BM) at
diagnosis, and more than 90% of those with metastatic disease have skeletal
involvement °7:2%_More than 80% of those with PC will ultimately develop
metastatic spread to bone. BM are associated with significantly increased
morbidity and mortality due their propensity to cause skeletal related events (SREs)
303 As described in chapter one of this thesis, SREs include bone fractures, spinal
cord compression, hypercalcaemia and the need for radiation to bone 3% . BM are
usually identified radiologically by using either X rays, isotope bone scans
(scintigraphy), computed tomography (CT) or magnetic resonance imaging (MRI).
Plain radiography detects increased blood flow and reactive bone formation at
sites of BM, but has low sensitivity and specificity. Bone must demineralise by at
least 50% before a lesion is detected by X-ray, and this method identifies lesions
more than 18 months later than bone scintigraphy 7¢1. Although scintigraphy is
more sensitive than X-ray, it lacks specificity. MRI and CT are both sensitive
methods for the detection of bone lesions. MRl is preferred for spinal imaging, and
CT can readily distinguish between osteolytic, osteoblastic and soft tissue lesions.

Osteotropism refers to the process by which cells from cancers (including those
arising from breast, prostate, lung and kidney) acquire characteristics that allow
them to detach from a primary tumour, travel into and through vasculature and
lymphatic channels, and adapt to the micro-environment within the bone-homing
niche eventually developing macro-metastases ’%2. The seed and soil hypothesis
(explained in chapter one) describes this process, which requires the presence of a
highly vascular bone marrow, production of a diverse array of cytokines and growth
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factors by cancer cells and tumour-adjacent stromal cells and cancer and cell
interactions with the bone microenvironment, the combination of which creates
favourable conditions for BM 324, Disseminated cancer cells may remain dormant
for a latent period of time (this can be many years), either as solitary cells that do
not divide, or as pre-angiogenic micrometastases that lack the ability to become
vascularised 763762,

Significant progress has been made in the treatment of PC, and individuals may live
for many years with metastatic bone disease. Relatively few studies have explored
the use of diagnostic biomarkers for BM in men with PC, or sought to identify
factors that could predict risk of BM development. Early identification of those at
high risk of BM could allow for early intervention to prevent or to delay BM, and
reduce the associated morbidity.

Prostate specific antigen (PSA) is a serine protease that is secreted from the
prostatic epithelium, and it is widely used as a diagnostic, prognostic and predictive
biomarker in PC 145764 However, PSA has important limitations with regard to
metastatic bone disease; it does not predict the development of BM, does not
correlate with the extent of bone involvement, and its levels may not accurately
reflect the bone-specific benefits of newer systemic anticancer therapies 76>76¢

6.2.1 Use of bone biomarkers in men with PC and metastatic bone disease

Biomarkers of bone turnover (BTM) have been introduced in chapter 1 of this
thesis. They are measured in serum and urine, at relatively low cost, and may be
used for diagnostic, prognostic and predictive purposes, as well as for monitoring
the effects of bone targeted therapies. There have been relatively few studies that

have investigated the role of BTM in metastatic bone disease.
6.2.1.1 Diagnosis and prognostication

In men with PC, the serum BTMs BALP, PINP and PICP and urinary CTX correlated
with the presence and extent of BM in a retrospective analysis 309767768 |n men
with PC, serum PINP was significantly greater in men with BM than in men with
non-metastatic PC or with only lymph node metastases 7%°. CTX may be used as a
sensitive marker of accelerated bone resorption in BM 3%, However, published
studies are limited by their retrospective nature, lack of validation and correlation
with clinical outcomes.

Elevated levels of biomarkers including PINP, BALP, OPG, NTX, TRACPb5, and CTX
have been found to predict worse overall survival in men with CRPC 7777, Raised
urinary NTX and BALP have been associated with an increased risk of developing

SREs and reduced overall survival (OS) in men with metastatic CRPC 772773.774,
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6.2.2 Biomarkers predictive of response to therapy

Biomarkers may be useful to predict and monitor the response to bone targeted
treatments. In a subset of men with castration-resistant prostate cancer (CRPC),
zoledronic acid normalised urinary NTX after 3 months of treatment, and this was
also associated with improved OS and reduced SRE incidence ’’°. In men with CRPC,
a decrease in BAP, PINP, NTX, ICTP, CTX, and PSA after administration of zoledronic
acid was also associated with fewer SREs 77%777, |n addition, high baseline NTX
levels have been demonstrated to predict the rate of bone progression in PC BM
patients 772,

The limitations of BTM within cancer treatment have been discussed previously,
including their diurnal and postprandial variation, and their changes with exercise,
diet and with season. Although current evidence suggests that they may have the
potential for clinical use, they require prospective validation and are yet to be

incorporated into routine practice.

Currently, no biomarker can predict the risk of BM development in men with PC or
identify early skeletal involvement, and novel approaches are required to address
this.

6.2.3 Novel approaches to biomarker discovery in PC bone metastases
6.2.3.1 Circulating tumour cells, tumour DNA and micro RNA

Circulating tumour cells (CTCs) are shed from either the primary tumour or
metastases, and can be readily measured in serum. Individuals with PC and BM
have higher serum CTC numbers than those with soft-tissue metastases 7’8, CTCs
may have prognostic implications in PC and be an early predictor of BM potential,
and their levels may also reflect the metastatic burden 77278, |n addition to CTC
number, the molecular phenotype of CTCs can reveal important information about
the genetic alterations within the primary tumour and its potential for response to
treatment 78,

Circulating tumour DNA (ctDNA) is shed from primary tumours and can be an
important source of information about tumour-specific genetic and epigenetic

alterations 7®2. In addition, levels of ctDNA may predict BM 783784,

Micro RNAs are small, stable, non-coding RNAs that have a role in regulating
diverse events within BM including escape from the primary tumour
(extravasation), survival in the bloodstream, intravasation into the bone
microenvironment and eventual development of macro-metastases and bone
remodelling 7. In PC, the micro-RNA miR-466 inhibits Runx2 activity in xenograft

models and prevents BM formation 783, In PC tissue, miR-466 predicted
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biochemical relapse 78, Since Runx2 is an important regulator of BM, serum
detection of Runx2-targeting microRNAs could be useful to monitor BM
progression. Exosomal microRNAs are also of interest; these are released by cancer
cells in small vesicles (up to 100 nm in diameter) and facilitate PC cancer cell
invasion and progression 70, In pre-clinical studies they appear to have a role in BM
regulation 787; high levels of specific miRNAs have been found in the exosomes of

osteotropic PC cells 7%,
6.2.3.2 Proteomics

A proteomics approach uses medium to high throughput protein sequencing and
guantification to identify potential biomarkers of disease. Typical steps of a
proteomics workflow involve protein separation, enzymatic protein digestion into
peptides (using proteases including trypsin), peptide-separation using reverse
liquid chromatographic separation, and analysis by mass spectrometry. The peptide
fragments generated within tandem mass-spectrometry can be analysed and
compared to theoretically predicted peptide fragments from initiatives such as
genomic sequencing, to generate a list of the proteins present within a sample and

their levels 782,

Using proteomic techniques, a panel of proteins was identified which were
expressed at levels which displayed a statistically significant association with PC
relapse, and also with poorer survival 7. In a separate study, a group of amyloid
proteins was also observed to be highly expressed within the serum of men with PC
and BM 7?1, A recent analysis of the PC BM proteome identified two distinct BM
phenotypes that were related to prognosis 7°2. Further studies must validate these
pre-clinical findings and correlate them with clinical outcomes in elected patient
populations. Despite these challenges, there is hope that proteomics could aid the
development of future personalised therapies.

Using proteomic techniques, several studies have identified proteins in primary
solid tumours that may predict the development of BM (table 32).
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Table 32: Studies of the protein expression of a primary tumour as a biomarker of BM

kinase 4 (nPAK4)

Author Potential biomarker Tumour type Predictive role in bone metastasis
(year)
Westbrook Macrophage-capping Breast Increased expression of both CAPG and GIPC. In primary BC tissue from a
(2016) 73 protein (CAPG) large RCT, CAPG and GIPC predicted skeletal disease free survival and
GIPC PDZ domain- o(\j/.erall sturv:vzl. Thpse .\(/;nth high expression were more likely to respond to
containing protein (GIPC1) adjuvant zoledronic acid.
Li (2015) 7** Integrin beta-like 1 Breast ITGBL1 was co-expressed with genes related to osteomimicry in primary BC
(ITGBL1) tissue, and also correlated with the presence of BM
Nutter (2014) Interleukin -1B Breast Interleukin (IL)-1B was upregulated in a bone-seeking model of BC cells.
795 and Holen (Interleukin (IL)-1B) There was correlation between IL-1B and the onset of BM in tissue from
(2016)7°6 primary BC biopsies. IL-1B inhibitors skeletal events in murine models
Westbrook Dedicator of cytokinesis Breast High levels of DOCK4 was prognostic for bone recurrence in a TMA in those
(2019) 7*7 protein 4 (DOCK4) who had not been treated with zoledronic acid
Li (2019) 7°8 Nuclear p21-activated Breast nPAK4 expression was associated with BM development in those with

oestrogen receptor +positive breast cancer

(2014)30

Tiedemann Peroxiredoxin-4 (PRDX4) | Breast, prostate | PRDX4 and LPC1 were, responsible for tumour bone colonization in
(2019) 7*° and L-plastin (LPC1) renal osteotropic tumours
Sutherland Prolactin (PRL) and its Breast High expression of PRLR gene in primary breast tumours correlated with
(2016) 800 receptor (PRLR) shorter time to BM
Tikk
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6.2.4 Potential protein biomarkers of cancer metastasis to bone

As described in chapter 1 of this thesis, cancer cell metastasis relies on several key
steps, including: separation from the primary tumour; invasion through the
extracellular membrane (including penetration of the basement membrane) and
extravasation into vasculature and the lymphatic system. Subsequent entry into a
distant organ and interactions with the local microenvironment is, followed by
angiogenesis and formation of a new macro-metastasis. All of the above steps are
critical for successful metastasis, and differentially expressed molecules within
metastasis may promote any one of these stages (or several of these stages). We
sought to investigate proteins that have been identified as potential biomarkers of
breast cancer metastases to bone, and explore their expression in PC.

6.2.4.1 Macrophage capping protein (CAPG)

Gene name: CAPG, Protein Name: Macrophage-capping protein, Uniprot: P40121).

Structural features and mechanism of action

Also known as membrane capping protein, gelsolin-like actin-capping protein, and
gelsolin-related actin-binding protein, macrophage capping protein (CAPG) is a
regulator of actin-based cellular motility. In this role, CAPG represents a plausible
candidate regulator of cancer cell migration and invasion.

CAPG is a calcium responsive protein with a MW of approximately 38KDa. CAPG is
part of the gelsolin family of proteins 82, however, it differs to other gelsolin family
members in lacking a nuclear export sequence, and is therefore located in both the
nucleus and cytoplasm 8%, CAPG binds to and blocks (but does not sever) the
barbed ends of actin filaments and together with other actin binding proteins (such
as formin tensin and tropomodulin), CAPG acts to control actin filament length,
thus regulating cell motility, morphology and polarity, transcription regulation and
RNA transport 804805806 Nyclear export of CAPG appears required for its ability to
promote cancer cell invasion 8%, Despite these studies, the role of CAPG within
cancer metastasis is still incompletely understood.

Role in cancer biology

In breast cancer, high CAPG expression within a bone homing variant of breast
cancer cells was observed to be predictive of BM and worse OS 7°3, These findings
have been confirmed within other studies of BC metastatic variants 8%7.
Furthermore reduced invasiveness of breast cancer cells was observed following
CAPG knockdown 8%, as well as alterations in the nuclear export of CAPG 8%, Gene
expression profiling techniques have also confirmed the upregulation of CAPG in
breast tumours 8%,
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In lung adenocarcinoma, CAPG is overexpressed compared to adjacent normal lung
tissue, and expression is increased further under hypoxic conditions 820, CAPG
knockdown in lung tissue reduces cancer cell migration and invasiveness and
correlates with time to recurrence 81, Furthermore, CAPG expression levels as
assessed by IHC within non-small cell lung cancer found high expression correlated
with increased mortality (HR 2.79, 95% Cl 1.27-6.17, n = 121 patients, p= 0.011) 822,
In addition to lung cancer, CAPG is also overexpressed in a range of other solid

815

malignancies which include; colorectal 3814, pancreatic 81>, ovarian 8281¢ and oral

tumours 817,

CAPG in prostate cancer

A small number of studies have investigated the role CAPG in PC cell lines and
tissues. Genome Wide Association Studies in PC cells identified a single nucleotide
polymorphism (SNP) within the CAPG locus which resulted in altered gene
expression via epigenetic regulation 8!8 SiIRNA-mediated gene s8ilencing of CAPG
within DU145 cells reduced their proliferative rate and decreased their migration
and invasive ability 81°. These effects of CAPG upon PC cell-line proliferation and
apoptosis were primarily regulated via alterations in the activity of the Caspase 6/9
pathway 820, The role of CAPG in PC metastasis was confirmed in a subsequent
TMA-based study 8%,

CAPG and cancer metastasis

The role of CAPG in bone metastasis of breast cancer was further elucidated by the
discovery that CAPG acts as an epigenetic enhancer for the gene expression of
stanniocalcin-l (STC-1), a pro-metastatic gene implicated in breast cancer spread 821,
STC-l is associated with poorer survival in breast cancer; and its knockdown inhibits
primary tumour formation and metastasis within murine models 822, The discovery
that CAPG acts as an epigenetic regulator suggests that it may have a role in
metastasis outside of its role as a regulator of the actin-cytoskeleton.

6.2.4.2 GAIP interacting protein C terminus member 1 (GIPC1)

Gene Name: GIPC1, Protein Name: PDZ-domain containing protein GIPC1, Uniprot:
014908).

Structural features and mechanism of action

The GAIP interacting protein C terminus members 1 (GIPC1), 2 (GIPC2) and 3
(GIPC3) are PDZ domain proteins that constitute the GIPC family 823, Their
physiological roles include; trafficking of transmembrane proteins, regulation of
cellular proliferation, cell-polarity, cytokinesis and cellular migration 823. The
majority of the downstream effects involve the central PDZ domain, which
interacts with receptors and cytokines involved in G protein signalling. Most PDZ
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ligands for GIPC1 are transmembrane proteins, with only few cytosolic signalling
regulators.

GIPC1 has a molecular weight of approximately 36KDa. The GH2-domain at the C-
terminus of GIPC1 interacts with MYO6, a member of the myosin family that
facilitates the trafficking of endosomes, and promotes cytokinesis and migration
(figure 28) 824, GIPC1 dimerizes via its N-terminal GH1 domain assembling into
cargoes for MYO6-containing endosomes 82> 826 GIPC1 interacts with cell surface
transmembrane receptors, most importantly integrins, which act as mechano-
sensory receptors regulating actin dynamism 7. GIPC1 is required for the
trafficking of internalized integrins during cell migration, angiogenesis and
cytokinesis 828829 GIPC1 also regulates receptor tyrosine kinase signalling binding
to IGFR1 and NTRK1 resulting in the activation of the PI3K—AKT, phospholipase and
other signalling cascades 830831832 |n addition, GIPC1 also interacts with IGF1 and
TGFB receptor type I, the latter resulting in increased cell surface expression of

TGFP and therefore enhanced responsiveness 833

. It has been suggested that down-
regulation of GIPC1 may promote cellular proliferation through TGFB signalling
interference 834, GIPC1 is also involved with cell adhesion via E-cadherin 23>, and

cell migration via interaction with the 5T4 protein 3¢,

Role in cancer biology

Studies to date have reported upregulation of GIPC1 in a range of human tumours
including breast, ovarian and pancreatic cancer 834837.838839,840 " GIPC1 stabilises
IGFR1 and promotes cell proliferation and survival in pancreatic and breast cancer
cells 841837830 Conversely, knockdown of GIPC1 inhibits cancer-cell proliferation
and promotes apoptosis, leads to G2 cell cycle arrest and decreases motility in
cancer cells 842883 confirming the involvement of GIPC1 in both cytokinesis and cell
migration 828, In cervical cancer associated with human papilloma virus 18
infection, GIPC1 is downregulated via E6 oncoprotein production and activity 84, As
GIPC1 enhances cell surface expression of TGFp receptor Ill &3, the poly-
ubiquitination and proteasomal degradation of GIPC1 decreases cancer cell
responsiveness to cytostatic signalling via TGFp.

Role as a biomarker

Proteomic analysis identified GIPC1 as being upregulated within bone homing
variants (BM1 and BM2) of the breast cancer cell line MDA-MB-231, compared with
parental cells 7°3. Clinical validation was undertaken using immunohistochemical
(IHC) analysis of tumour tissue microarrays (TMAs) from a large randomised trial of
adjuvant bisphosphonate 84°. In the control arm, high GIPC expression was
predictive of distant BM, and this risk was greatest when expression of both GIPC
and CAPG were high. In the bisphosphonate arm this association was not observed,
suggesting a protective effect for treatment. The effect persisted when data from a
training and validation set were combined to include 571 patients; the HR for
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developing a skeletal event was 2.92 (95% Cl = 1.51 to 5.65, P = 0.001) for those
with high GIPC scores, and 4.54 (95% Cl = 2.11 t0 9.78, P < 0.001) when CAPG and
GIPC expression were both high 793, Therefore, GIPC alone, and also the composite
biomarker CAPG/GIPC, may have prognostic significance for the subsequent
development of BM in BC patients, and has potential to inform the decision to use
bisphosphonate treatment for breast cancer.

In addition, high GIPC/CAPG expression was associated with significantly shorter OS
in those that did not receive bisphosphonate (5-year survival 76.2% vs 85.9% in
those with normal CAPG/GIPC, HR 1.81, 95% Cl 1.01-3.24, p=0.045) %3, This effect
was not observed in the treatment group. Further study of these biomarkers in
clinical samples from a range of tumours where bone involvement is frequent
would be useful.

Studies in prostate cancer

There is little published data with regards to GIPC and PC. In a small subset from a
study of multiple tumour types, GIPC1 was downregulated in primary PC tumours
834 Another study aimed to use biopsy samples to determine the role of GIPC in
predicting the radio-resistance of PC cells, and correlate this with clinical outcomes
in men undergoing radical radiotherapy 84¢ . Depletion of GIPC1 did not affect
radiosensitivity, nor did it correlate with clinical endpoints (OS or biochemical
recurrence-free survival).
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Figure 28: Activity of GIPC1.

Both GIPC and MYO6 act as a protein complex involved in the trafficking of
endocytic vesicles. GIPC1 acts as an adaptor protein interacting with
trafficking cargoes, while MYOG6 is a motor protein that can move along actin
filaments from the barbed end (closest to the plasma membrane) to the
pointed end in the cytoplasm. Cargoes trafficked by the GIPC1-MYO6 complex
include receptor tyrosine kinases, G protein-coupled receptors,
transmembrane proteins and cytosolic signalling regulators. The GIPC1-MYO®6
complex is also indirectly involved in the recycling of its cargoes. Figure

adapted from Katoh at al 8%,
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6.2.4.3 Dedicator of cytokinesis protein 4 (DOCK4)

Gene Name: DOCK4, Protein Name: Dedicator of cytokinesis protein 4, Uniprot:
Q8N110).

Structural features and mechanism of action

Dedicator of cytokinesis protein 4 (DOCK4) is a member of the DOCK subfamily of
guanine nucleotide exchange factors (GEFs). It has a molecular weight of
approximately 225KDa. DOCK4 has a Src-binding site at the proline-rich C terminus,
a DHR1 (Docker1) domain which binds phosphatidylinositol (3,4,5)-triphosphate,
the latter being required for recruitment to the plasma membranes; and a DHR2
(Docker 2) domain which is highly conserved among all DOCK family proteins and
mediates their GEF-dependent functions 847848, The adapter protein ELMO is key to
the action of DOCK proteins, relieving the autoinhibitory domain of the protein 8%,
Binding to ELMO causes a conformational change and enables the G proteins to
access the DHR2 domain (figure 29) 3%,

DOCK4 is an important regulator of cell migration, a key process within cancer cell
metastasis. Metastasis requires cell polarisation, extension of protrusions in the
direction of migration, and detachment at the rear side of the cell, and these are all
tightly regulated processes 8981, GEFs such as DOCK4 activate small GTPases,
which act as molecular switches (they cycle between an inactive GDP-bound state
and an active GTP- bound state) as shown in figure 30. Once activated, they bind to
downstream effectors that mediate a variety of biological functions. DOCK4
activates small-GTPases of the Rho family (such as Racl, Cdc42) and also Rap1
852,853,854 DOCK4-mediated Racl activation at the leading edge of motile cells
induces the formation of lamellipodia protrusions, which act as a key focus and
driver of cell migration 8°° . Rac1 also has a central role in the generation of
endothelial cell filopodial protrusions necessary for blood vessel morphogenesis
within tumour angiogenesis 8¢ .

Racl activation also influences Wnt/B-catenin signalling &7, thus regulating diverse
processes including stem cell renewal, cellular proliferation and differentiation as
well as apoptosis 8°%. Activation of B-catenin-mediated transcriptional activity is key
in this pathway, as outlined in chapter 1 of this thesis. The cytoplasmic level of B-
catenin is tightly regulated by a degradation complex (consisting of the proteins
adenomatosis polyposis coli, axin and glycogen synthase kinase 3b) 8°°. Aberrant
regulation of Wnt/ B-catenin signalling is associated with accelerated cell growth
and neoplasia. DOCK4 is an important scaffold protein in the B-catenin degradation
complex, and is important in maintaining B-catenin stability 2.
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Figure 29: Regulation of DOCK proteins by ELMO.

In the inactive state, the GEF activity of DOCK4 is inhibited. When ELMO binds to
DOCK4 at its N terminal, a conformational change allows GEF proteins to gain
access to the DHR2 domain. ELMO also recruits the RhoG protein which recruits the
Elmo-DOCK4 complex to areas of high substrate availability (such as the plasma
membrane). The C terminus of DOCK4 interacts with the Crk adapter protein.

Figure adapted from Jin et al 8,
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Figure 30: DOCK4 mechanisms of action.

Figure 30 (a): Role of DOCK4 in Wnt signalling. In the unstimulated state of the cell B
catenin is bound to a multi-protein degradation complex which inhibits B-catenin. Upon
Whnt-action, this is phosphorylated (by GSKp), poly-ubiquinated and degraded by the
21S proteasome. Release from the degradation complex allows B catenin to accumulate
in the cytoplasm from which it is translocated to the nucleus and stimulates gene
expression in complex with the T-cell-factor transcription factor. DOCK4 is also required
for activation of Rac, a small GTPase that is also a regulator of the actin cytoskeleton.
Image 30(a) adapted from Tolwinski et al 82, Figure 30(b): Dock family of GEFs activate
Rho family GTPases. DOCK4 activates GTPases such as Racl, Cdc42 and also Rap1. Racl
activation has multiple downstream effects including formation of cellular lamellipodia
protrusions for migration, a role in angiogenesis and also controlling cellular
morphology, transcriptional activation, and apoptosis. Figure 30(b) from Dasari et al 83,
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DOCK family proteins and cancer biology

Previous studies have identified that members of the DOCK class of proteins are
required for cancer cell proliferation and metastasis, though a range of protein-
protein interactions. In melanoma cells, DOCK10 increased cell migration and
invasion 8% and DOCK3 has been identified as a driver of mesenchymal cell
migration through a complex containing NEDD9 (a known melanoma metastasis
gene) 8>, In HER2 positive breast cancer, DOCK1 promotes cancer progression to
metastasis 86 and in glioblastoma multiforme cells, EGFR-induced phosphorylation
of DOCK180 increases both cell survival and migration 8¢’. DOCK4 regulates the
activity of the small GTPase protein Racl (a feature it shares with the other DOCK
family members), however, unlike the other DOCK proteins, DOCK4 also regulates
the activity of the small GTPase Rap1. The ability of DOCk4 to regulate Rap1,
suggests that DOCK4 could potentially play a role in the regulation of integrin
mediated cell-cell contacts, alter signalling via B-Raf / Raf-1 or regulate

intracellular vesicle trafficking 868

DOCK4 and tumorigenesis

An important interaction has been identified between DOCK4 and the cytokine
transforming growth factor beta (TGFB) 8°. TGFB has numerous diverse roles in
metastasis, initially TGFB acts as a tumour suppressor, however in later stages of
tumorigenesis (when it is produced from both tumour and stromal cells) TGFB is a
highly potent driver of local motility, tumour cell invasion, intra- and extravasation,
and tumour cell survival at distant sites, all of which are fundamental to cancer cell
invasion and metastasis 879, DOCK4 expression (but not that of other DOCK family
members) is induced by TGFp via the Smad pathway in lung adenocarcinoma cells,
a key step in TGFB exerting its pro-metastatic effect 8.

DOCK4 expression also correlates with expression of the transcription factor c-MAF
in primary breast tumours. c-MAF has been identified as a key regulator of BM in
breast cancer and expression of this transcription factor has been demonstrated to
be induced by TGFB &%7%7. DOCK4 may be one of several proteins that alter in
response to elevated c-MAF expression within metastatic bone homing breast
cancer cells 77,

DOCK4 as a clinical biomarker

DOCK4 has recently been identified as a potential biomarker for risk of BM
development in patients with early breast cancer. Using well established proteomic
methods, DOCK4 was upregulated in bone homing variants (BM1) of a parental
breast cell line (MDA-MB-231) compared with parental non-bone homing cells 7.

The clinical significance of DOCK4 levels for prediction of BM outcomes was
determined by IHC staining of a training breast tumour tissue microarray (TMA),
where high DOCK4 expression was associated with high grade histology 7*7.
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Subsequent TMA analysis within > 700 patients enrolled in the AZURE breast cancer
trial found that high DOCK4 expression was prognostic for cancer recurrence in
bone in the control arm (no adjuvant bisphosphonate, HR 2.13, 95% Cl 1.06-4.30,
p=0.034), an association not observed in the treatment arm 8. These findings
suggest that high DOCK4 levels predict risk of metastasis to bone and that
measuring DOCK4 levels within BC could have potential to inform patient
treatment decisions.

Studies of DOCK in prostate cancer

Very few studies have investigated the role of other DOCK family members in PC.
DOCK2 may contribute to PC cell proliferation in hormone resistant cells, and in
these cell lines was required for chemokine (CXCL13)- induced cell proliferation
through the activation of JNK 82, No studies to date have specifically sought to
explore the role of DOCK4 in PC progression.

6.2.5 Prostate cell lines and in vitro models

Cell and tissue models have been developed in order to improve our understanding
of the molecular pathogenesis of PC. Cell lines are derived from patient biopsies,
and advances in murine models have allowed the investigation of tumourigenic and
metastatic processes. Murine models in particular enable the study of metastasis in
a well-defined biological context, and within a timeframe which is amenable to
scientific research.

There are many prostate cell lines available which have been derived from different
prostate cell types and which include benign and malignant forms. Malignant
prostate cell lines are available that originate from both hormone-sensitive and
hormone resistant tumours. Cellular expression of androgen receptors, PSA, p53,
PTEN varies between the cell lines, as does their growth rate and optimal culture
conditions.

Human PC cell lines may also be transplanted into mice, and the three main
xenograft models that are used are subcutaneous, orthotopic (the introduction of
cancerous prostatic tissue into the mouse prostate) and subrenal capsule
implantation, each has different advantages, costs and limitations.

Murine metastatic models of PC are also available. Intratibial injection involves the
direct injection of prostate cancer cells (often labelled with a fluorescent dye for
tracking) in suspension into genetically manipulated or wild type mice, whereas
other models use tail vein or intracardiac injection. In vivo imaging techniques
(including bioluminescence) are used to track the growth of lesions. However,
these models all have their limitations and there is currently no single murine
model that accurately and reliably seeds tumour cells from prostate to bone. This is
in contrast to breast cancer, where the depth and breadth of molecular
characterisation has been far more extensive. Well established breast cancer cell
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lines represent the whole spectrum of disease and include bone homing variants
(and isogenic parental cell-lines). Results obtained using murine cell-models
obviously require clinical validation before they can influence patient treatment
decisions.

6.2.5.1 Prostate cancer cell lines

A summary of the PC cell lines used in this chapter is shown in table 33.

LNCaP

The LNCaP cell line is derived from a needle aspiration biopsy of a supraclavicular
lymph node lesion in a 50 year-old Caucasian male in 1977 873, This patient had
rapidly progressing PC that failed to respond to hormone deprivation therapy
(medical and subsequently surgical) and chemotherapy (estramustine and methyl-
CCNU).

LNCaP are androgen-sensitive adenocarcinoma cells, which grow readily in vitro (up
to 8x10° cells/cm?; doubling time approximately 60hrs) as both aggregates and
single cells. They show an aneuploid human male karyotype (the chromosome
number ranges from 76-91), are of luminal epithelial origin (cytokeratin 8 and 18
positive) and express wild type p53, PSA mRNA and PCA3. They also have a point
mutation in the ligand binding domain of the androgen receptor, which affects
their steroid binding characteristics and contributes to androgen-independent
tumour growth &4, Cytogenetic analysis of LNCaP cells has demonstrated deletion
of the tumour suppressor gene PTEN 87> and over-expression of the ETS
transcription factor ETV1. ETV1 promotes the development of a neoplastic
phenotype in mouse models 87, and may be associated with advanced disease in
the clinical setting 877,

Subcutaneous injection of LNCaP cells into athymic nude mice leads to the
development of rapidly growing, highly vascular and poorly differentiated tumours
at the injection site 88 . The tumour take rate is enhanced by testosterone
supplementation, and significantly reduced in castrated nude mice. Development
of metastatic lesions is rare following subcutaneous injection of LNCaP.

Orthotopic inoculation of LNCaP cells into the dorsal prostate of athymic mice
results in tumour formation in more than 50% of cases, and in SCID mice this
increases to 90% &78. Ultimately, orthotopic xenograft in athymic nude mice results
in 50-60% developing regional lymph node, lung and liver metastases. Following
the same procedure, all SCID mice develop regional lymph node metastases, and
40% develop pulmonary lesions 7%, most likely due to a greater degree of
immunocompromise (both B and T cell deficiency relative to athymic mice) and
significantly greater serum testosterone concentrations that may facilitate
metastatic tumour growth. Tumour incidence can be increased further with
testosterone supplementation, or use of a scaffold matrix (such as Matrigel ™)
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which is mixed with inoculated cells to prevent leakage from the prostate capsule
879

Metastatic bone involvement from LNCaP cell administration is rare, and thus these
models therefore do not fully replicate human disease. Both primary and
metastatic lesions arising from LNCaP are poorly differentiated, express androgen
receptors and secrete PSA. Castration suppresses tumour formation, and a PSA
response is detectable after 1 week 78,

C4, C5 and C4-2 cell lines

The C4 and C5 cell lines were derived from LNCaP cells, after subcutaneous co-
inoculation with human bone stromal cells into athymic nude mice 88. Tumours
formed between 4-5 weeks. In order to replicate androgen insensitivity, mice were
castrated (mid scrotal incision) 8 weeks following injection. Tumours were
maintained for 4 weeks (C4) and 5 weeks (C5) before harvesting. The C4 cells were
then co-injected with human fibroblasts into a castrated host to generate the C4-2
subline.

The C4-2 subline follows the metastatic patterns of CRPC, as both lymph node and
BM develop following subcutaneous or orthotopic injection into either hormonally
intact or castrated mice #%881, QOsseous lesions arise in 10-25% of athymic nude
mice following orthotopic injection, and are phenotypically similar to human BMs,
primarily osteoblastic with some evidence of osteolysis, and decreased bone
volume and BMD. C4-2 cells form highly vascularised tumours which are AR
positive and stain positively for PSA. They are independent from both androgens
and inductive fibroblasts; cell growth is unresponsive to androgens in vitro, and it is
the only cell line that is able to produce tumours without co-injection of MS bone
stromal cells into castrated mice. Based upon the propensity of C4-2 tumours to
develop PSA secreting BM, orthotopic xenografts have been widely used as a
preclinical model to study PC cancer progression and metastasis.

The C4-2B and C4-2B4 cell lines

The C4-2B cell line was developed following orthotopic injection of C4-2 cells into
castrated mice, and primary tumours developed in the prostate, regional lymph
nodes and bone. Several rounds of sub-culturing of C4-2 cells led to the
development of the pure BM-derived lines C4-2B, which has enhanced our
understanding of the in vivo behaviour of BM 88, Cells express PSA, and have been
shown to express higher levels of osteoprotegrin, osteocalcin, bone alkaline
phosphatase, bone sialoprotein, RANK ligand than LNCaP cells (all indicate
increased osteoblastic activity) &3, C4-2B2 cells derive from a lesion in an intact
host, C4-2B3 and C4-2B5 from a castrated host, and C4-2B4 from a castrated
orthotopic tumour 882,
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PC3 and PC3M cell lines

The PC3 cell line originates from a vertebral metastasis of human prostatic
adenocarcinoma in 1979 84, PC3 cells are aneuploid, with an average of 58
chromosomes and doubling time of approximately 33hrs. Electron microscopic
studies have confirmed that cells retain features common to neoplastic cells of
epithelial origin, including numerous microvilli, junctional complexes, abnormal
nuclei and nucleoli, abnormal mitochondria and lipoidal bodies 8. PC3 cells are
androgen independent, and there is no expression of androgen receptors or
production of PSA mRNA or protein. Cells highly express both TGFa and the EGR-R
(which allows autonomous growth and may also facilitate metastatic bone
involvement) 8, and have aberrant expression of p53 and PTEN deficiency . It
has been suggested that some features of PC3 cells may be more characteristic of a
small cell variant of PC than the more common adenocarcinoma 8%,

In xenograft mouse models, both intravenous injection and orthotopic
implantation of PC3 cells leads to the development of lymph node metastases
888,889 Harvesting of intra-prostatic mouse tumours and re-injection into the
prostate (cycle repeated several times) has led to the creation of PC3 sublines such
as PC-3M with increased metastatic ability 88, Intravenous or intra-cardiac
injection with PC-3M cells produces a high incidence of lung and bone metastasis

respectively 888,

6.2.6 Hypothesis and aims

Previous research undertaken within the bone-biomarkers group at Sheffield,
utilized proteomic methods and an isogenic bone homing cell-line to identify novel
biomarker proteins within triple negative breast cancer 72377, This protein panel,
comprising CAPG, GIPC1 and DOCK4 was identified by quantitative proteomic
profiling of parental and bone-homing MDA-MB-231 cells. The ability of this
protein panel to predict the risk of subsequent development of cancer spread to
bone within patients, was validated by immunohistochemical (IHC) analysis of
primary breast tumour sections derived from a large clinical trial that compared
treatment with and without bisphosphonate 792797,

This study aimed to build upon the previous work in breast cancer, and investigate
the role of CAPG, GIPC1 and DOCK4 as predictive markers in PC. Both prostate and
breast cancer frequently metastasise to bone, however as previously described,
once within bone they develop different types of metastatic lesions. However,
there is evidence suggests that CAPG, GIPC1 and DOCK4 may have a key role in PC
progression. It has also been demonstrated that although solid tumours may be
associated with different BM phenotypes (osteoblastic Vs osteolyctic), there is
overlap in signalling pathways and mechanisms of metastasis 8.
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We aimed to quantify the expression of the proteins DOCK4, CAPG and GIPC across
a panel of selected PC cell lines, using an antibody based approach (western
blotting and immunohistochemistry (IHC). A series of well-established PC cell-lines
with differing degrees of bone homing were utilized together with well-validated
commercial antibodies towards the three protein targets.

The selected PC cell lines (shown in table 33) represent various stages of the PC
continuum, and we hypothesised that the cell lines strongly associated with or
derived from xenograft BM (PC3M and C4-2B) would potentially have a higher
expression of the target biomarkers (figure 31). However, this panel has not been
used to identify potential biomarkers of PC bone metastasis before, and is
therefore exploratory. Any differences identified may be applicable to human PC
BM, although would require further validation. Overall, the results of this pre-
clinical study, if successful, would provide a useful precursor to further validation of
the proteins within patient derived PC samples.



Table 33: Prostate cancer cell lines used
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Panel Cell line Derivation Hormone Key features Predicted bone homing ability
status
1 LNCaP Supraclavicular lymph node Sensitive High incidence of lymph node and liver Low
metastasis in male with PC metastases
Poor tumourigenicity in athymic nude mice
C4-2 Derived from injection of from Resistant Readily forms tumours in intact hosts Moderate
LNCaP cells W,'th human‘bone Osteoblastic phenotype of bone
stromal cells into athymic
. metastases
castrated nude mice, tumours
harvested from bone at 4 Androgen independent
weeks
C4-2B From C4-2 injection into Resistant High propensity to metastasise to bone High
castrated mouse, samples Osteoblastic phenotype of bone lesions
taken from osseous tumour
2 PC3 Vertebral metastasis in male Resistant Androgen independent Moderate/
i Expression of multiple growth factors high
Osteolytic metastases
PC3M Harvesting and orthotopic re- Resistant Metastatic variant of PC3 cells High
sl oif PAES) el ko High incidence of lung and osteolytic bone
mouse
metastases




- 207 -

‘ LnCap = C4-2 - C4-2B
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Figure 31: Hypothesis for the relationship between the prostate cancer cell lines
and expression of potential biomarkers of BM.

This is based upon the cell line derivation and behaviour in xenograft models, and
expression of the target biomarkers in breast cancer lines.



- 208 -

6.3 Materials and methods

6.3.1 Cell culture

Prostate cancer cell lines (LNCaP, C4-2, C4-2B and PC3) were obtained from the
American Type Culture Collection (ATCC, Gaithersburg, USA). PC-3M cells were
kindly gifted from Dr Ning Wang (University of Sheffield). All cell lines were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) and 4.5 g/L glucose with
ultraglutamine (Lonza, Verviers, Belgium) supplemented with 10% foetal bovine
serum (FBS) (Life Technologies, Brazil) at 37°C in 5% CO,. Cells were cultured in
flasks of increasing size (T2, T75 and T175) and split with trypsin upon >90%
confluency.

6.3.2 Preparation of cell lysate

Once the cells reached > 90% confluency, DMEM + FCS was removed and the flasks
were rinsed three times with 10-20ml of sterile phosphate buffered saline (PBS)
each time. Cells from each flask were then lysed into 2ml of 2X Laemmli Sample
Buffer (LSB) (Sigma, Cat No: S3401-10VL). A rubber scraper was used to detach the
cells into LSB. Subsequent repeat passage of the cells through a narrow gauge (0.22
um) needle with five to ten repeats was performed to shear genomic DNA in the
samples. The sample were the centrifuged at 14,000 rpm (insert g) for 10 minutes,
and the supernatant was removed, transferred into aliquots and stored at -20°C as
the final Total Cell Lysate (TCL) samples.

6.3.3 Protein assay

The protein content of the cell lysate was quantified using a Bio-Rad detergent-
resistant RC-DC ™ assay (Cat No: 5000121). The recommended additional wash
was undertaken to minimise transfer of any residual SDS into the protein assay
thus minimising contaminant interference.

6.3.4 Western blotting

Target protein expression levels (for DOCK4, GIPC and CAPG) within TCL samples
was determined western blotting (WB) following protein separation by one-
dimensional sodium dodecyl-sulfate polyacrylamide gel electrophoresis (1D-SDS-
PAGE). Immunoprobing was performed in cell lysates from LNCaP, C4-2, C4-2B, PC3
and PC3M cell lines (figure 32). 30ug total protein from each TCL sample was
loaded into the lanes of a 10% Mini-PROTEAN® TGX ™ precast gel (Bio-Rad TGX
precast gels), and proteins were separated using a Bio Rad MiniPROTEAN®
electrophoresis system. SDS-PAGE gels were run (using a Glycine-SDS buffer
system) at 120V for approximately 1 hour until the dye front was at the bottom of
the gel. Band MW was determined using dual colour precision plus protein ™
standards markers (Bio-Rad).
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Blots were transferred onto nitrocellulose membranes (GE-Healthcare Life Science)
using Bio-Rad Mini Trans-Blot electrophoretic transfer cell (Cat. No: 170-3930) at
100V constant voltage for 1-hour, in 1X 20% (v/v) methanol, Tris-Glycine-SDS WB
transfer buffer. Ice was used to surround the cell to prevent heat build-up and
avoid running abnormalities and band deformations, bubbles and bubble
expansion. Blots were blocked in blocking buffer (5% (w/v) milk-powder in PBS)
overnight at 4°C before probing.

Western blots underwent immunoprobing with primary antibodies, including;
Abcam ab123653 (GIPC1), Abcam ab85723 (DOCK4) and Sigma prestige
HOAO019080 (CAPG). Details and dilutions are shown in table 34. Blots were
incubated with primary antibodies for 1 hour at room temperature. Blots were
then washed (4 washes of 5 minutes each) with PBS-0.05% (v/v) Tween-20. HRP-
labelled goat anti-rabbit or HRP-labelled goat anti-mouse IgG were used for
secondary antibody incubation (table 34) again for 1 hour at room temperature,
followed by 4 further PBS 0.05% (v/v) Tween-20 washes. B tubulin was used as a
loading control for all samples.

Immunoreactivity was visualized using an enhanced chemiluminescence substrate
(ECL; Promega). ECL immunoreactivity was visualized by blot exposure using x-ray
film and cassette (Hyperfilm, Amersham). Exposure times were optimized
according to target, with subsequent manual film development using Kodak
developer and fixer. Digital images were acquired using the ChemiDoc imaging
system and Imagelab software (BioRad). ImagelLab was used for band
guantification.

6.3.5 Optimisation

Optimisation of the primary antibody dilutions and X ray exposure times was
required. The initial dilution of primary antibodies used was the manufacturer-
specified dilution. X-ray exposure time varied between antibodies, and films were
exposed at intervals ranging from 30 secs up to 60 minutes in order to obtain
optimal band intensities.

For each biomarker under investigation, western blots were repeated five times
once the antibody conditions had been optimised. The mean band intensity was
used for analysis with normalization to the B-tubulin loading control.
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Figure 32: Western blot analysis for biomarker validation.

The BioRad mini-gel system was used to perform one dimensional gel
electrophoresis (1D-SDS-PAGE). Proteins were loaded (30 pg / lane) into 10 lane
gels as shown in the figure. CAPG and GIPC1 were run simultaneously as their
predicted molecular weights were similar to the tubulin control. DOCK4 was
analysed using one gel. Cell lysates underwent separation by electrophoresis
before transfer onto nitrocellulose membranes. The blots were blocked in milk
buffer overnight before undergoing immunoprobing with primary and secondary
antibodies. The addition of a chemiluminescent substrate allowed visualisation

using standard X ray techniques.
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Table 34: Primary and secondary antibodies used for immunoprobing, dilutions
and optimal conditions used for film development (all cell lines)

Supplier, number | Primary | Secondary antibody | Optimal film
Target and concentration | antibody and dilution exposure
of primary antibody | dilution time
Goat anti-rabbit,
GIPC1 Abcam (Rb) y Invitrogen
1/250 30 min
ab123653, 0.1ml/ml A16096, 0.1mg/ml
1/2500
Goat anti-rabbit,
Abcam (Rb) Invitrogen
DOCK4 1/2000 60 min
ab85723, 0.2mg/ml A16096, 0.1mg/ml
1/2500
Goat anti-rabbit,
Sigma Prestige (Rb) Invitrogen
CAPG HOA019080, 0.1 1/1000 A16096, 0.1mg/ml 30 min
mg/ml
1/2500
Abcam (Ms) Invitrogen 0.1ml/ml
ab7792-100, 1/1000 A16066, 1/2500 1 min
1mg/ml
B-Tubulin Goat anti-rabbit,
(control) Invitrogen
Origene (Rb)
1/1000 A16096, 0.1mg/ml 5 min
TA309059, 1mg/mi
1/2500
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6.3.6 Immunohistochemistry

Immunohistochemistry (IHC) was done to validate the results of WB, and to
replicate the detection of protein expression using formalin fixed paraffin
embedded (FFPE) sections, typical of the procedures used with clinical samples,
such as TMAs. Preservation in 10% neutral buffered formalin (NBF) is one of the
most commonly used fixatives in histopathology; it leads to the formation of
methylene cross-links which prevents protein degradation. Tumour biopsies may
then be stored for subsequent diagnostic or prognostic analysis and are stable for
years.

6.3.6.1 Preparation of slides

Use of FFPE cell pellets mimics the expression of target proteins within clinical IHC
analysis, as the protein modifications and storage methods used are similar. FFPE-
cell pellet analysis is a semi-improvised, interim step that guides the development
of optimal staining conditions for use with patient-derived tissue-microarrays
(TMAs). In addition, FFPE pellets from cell-lines allows a combination of this
procedure with targeted gene knockdown (using methods such as short hairpin -
shRNA or CRISPR-gene editing).

FFPE TMA slides were prepared using cell pellets from LNCaP, C4-2, C4-2B, PC3 and
PC-3M cell lines. 100 pl molten (1% w/v) agarose was transferred into 1.5ml
Eppendorfs and allowed to set overnight at 4°C to form a base. Cell pellets
(trypsinized from confluent T175 flasks) were fixed in 10% Neutral Buffered
Formalin for 48 hours at room temperature, and then suspended in 300uL molten
(1% w/v) agarose (1% w/v). This cell-suspension in molten agarose was
immediately pipetted on top of the previously-prepared agarose bases and left to
solidify overnight at 4°C. The agar cell pellets were removed and placed into plastic
cassettes for serial dehydration with graded ethanol followed by xylene. The
histology lab (Medical school, University of Sheffield) processed these samples and
sectioning of the 5um sections was done by a trained operator.

6.3.6.2 Verification of target proteins

A citrate buffer heat antigen retrieval method was used, and the key steps are
shown in figure 33. Protein cross-linking caused by FFPE fixation obscures protein
epitopes, so the heat-induced antigen retrieval method (citrate buffer pH 6.0 at
100°C for four minutes within a microwave) improves staining. FFPE slides
prepared from cell pellets of each of the biomarkers investigated were de-waxed
by two 5-minute xylene washes, then dehydrated in 100% ethanol (5minutes),
100% ethanol (5minutes) and 95% ethanol (5 minutes). Endogenous peroxidase
activity was blocked by incubation of the slides in 0.1% (v/v) hydrogen
peroxide/methanol. Three 5-minute PBS washes were then carried out.
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Sections were blocked using 10% (v/v) normal goat serum (NGS) (Cat no S-1000,
Vector Laboratories) at room temperature for 30 minutes. This was followed by
primary antibody incubation in 2% (v/v) NGS in PBS. The antibodies that were used
for the IHC were; DOCK4 Abcam (Rb) ab85723 (0.2mg/ml) and GIPC1 Abcam (Rb)
ab123655 (details in table 35). All primary antibody incubations were performed
overnight at 4°C. Control slides without primary antibody were also prepared to
test for staining specificity, and a bone homing breast cell line was used (P7) for
comparison. An example of a standard run is shown in figure 34.

The following day, slides underwent secondary antibody incubation (details in table
35) with antibody diluted 1/200 in 2% NGS, for 1hr at room temperature. Three
five-minute PBS washes were then done, before staining.

Staining was developed using Vectastain Elite ABC kit (Cat No PK-6100 Vector
Laboratories) followed by three further 5-minute PBS washes. A DAB substrate Kit
(Cat No: SK-4100 Vector Laboratories) was applied to the slides for 5 minutes, and
slides were imaged at 40X magnification using a Leica DM1000 LED microscope
(images captured using Leica LCSLite software). Slides were washed in water and a
DAB counterstain was applied using Gills haematoxylin for 1 minute. A final 2-
minute wash preceded sample dehydration using graded ethanol concentrations (3
minutes each at 70%, 90%, 95%, 100% and 100% v/v). All slides were then
immersed in xylene (for 6 minutes in total) before they were mounted using DPX
(distrene, plasticizer and xylene). Slides were then labelled and left to dry
overnight.

Slides were scanned using a Panoramic 250 Flash IlI Slide Scanner (3DHISTECH,
Budapest, Hungary). The intensity of DAB staining was determined using QuPath
software. For each slide, five areas containing between 5000-6000 cells/area were
selected at random, and the average percentage of positive cells was measured. All
cells on each slide were used to determine the mean DAB intensity.

6.3.7 Statistical analysis

Analysis of western blot data was performed using ImageLab software (BioRad)
which provides quantification of band densitometry, following background
selection. B-normalized band intensity was compared between the cell lines using
SPSS-software and the student’s two-sample two tailed t-test, with a significance
level of p <0.05. For IHC analysis, DAB protein staining within slides was quantified
using a colour deconvolution tool within the Fuji software (http://Fiji.sc/). The
relative intensity value was calculated as the absorbance value divided by the total
cell area. The process was set to binary using the “particle analyser” function.
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Figure 33: Immunohistochemistry using heat antigen retrieval.

The key steps are outlined, along with representative images.
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LnCap control with no
antibody

P7 bone homing breast
cancer cell + Dock4

LnCap + GIPC1

C4-2 + GIPC1

LnCap control with no
antibody

LnCap + Dock4

C4-2B + GIPC1

C4-2 + Dock4

PC3 + GIPC1

C4-2B + Dock4

PC-3M + GIPC1

PC3 + Dock4

Figure 34: A standard IHC run with DOCK4 and GIPC.

PC-3M + Dock4

Each run included each of the five prostate cancer lines as well as a control (no

primary antibody) and a fully-bone homing breast cancer cell-line (P7). A total

of four runs were done for each of the targets.
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Table 35: Primary and secondary antibodies used for immunohistochemistry

GIPC Abcam (Rb)
1/50
ab123653, 0.1ml/ml
Bethyl (Rb)
DOCK4 800-338-9579, 1/100
0.2mg/ml

1/200

Vector lab
BA1000 Goat
anti-rabbit 1gG

10 min

10 min
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6.4 Results

6.4.1 CAPG
6.4.1.1 Verification by western blot

The predicted molecular weight of CAPG is 38KDa, and a 30 min exposure time
produced a blot with acceptable band intensity for CAPG, although the
tubulin exposure time was much shorter (1-5 minutes). An example is shown in
figure 35, along with the reference MW markers used. The average band
intensities for Cap G were normalised to B tubulin for each of the repeated
experiments, and this data is outlined in table 36.

The blots showed a clear band at the correct molecular weight with differential
expression across all five cell lines. The mean band intensity in the LNCaP cell
line was 0.43 (range 0.19-0.68), and was 0.24 (range 0.11-0.49) for C4-2 and
0.39 (range 0.12-0.97) for C4-2B cells. Although there was a reduction in band
intensity from LNCaP to C4-2 and a further decrease between C4-2 and C4-2B,
the difference was not statistically significantly different between them.

The mean band intensities for the PC3 and PC-3M cell lines were 0.62 and 0.47
respectively (range 0.29-1.0 for PC3 and 0.05-1.28 for PC-3M). The decrease in
intensity between PC3 cells and the derived cell line PC-3M was not statistically
significant. Based upon these results, CAPG was not taken forward into
immunohistochemistry.
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Figure 35: CAPG protein quantified by western blot.

A representative blot of the detection of CAPG at 38KDa (blue arrow) with
corresponding B-tubulin loading control (orange arrow) blot shown below, for
all five cell lines. 30ug of each total lysate sample was added per lane. Images
were taken and analysed using Image Lab software.
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Table 36: Quantification of CAPG identified by western blot

Ratio of CAPG to beta tubulin

Cellline | Gell Gel 2 Gel 3 Gel 4 Gel 5 Mean p value*
ratio
LNCaP | 0.30 0.68 0.19 0.33 0.64 0.43 LNCaP Vs
C4-2
p=0.12
C4-2 | 0.23 0.15 0.22 0.11 0.49 0.24
C4-2 Vs
C4-2B | 0.97 0.25 0.55 0.09 0.12 0.39 C4 2B
p=0.19
PC3 | 0.67 0.69 1.0 0.29 0.46 0.62 PC3 Vs
PC3M
p=0.6
PC-3M | 0.21 1.28 0.05 0.71 0.13 0.47

*comparison of means using independent samples t test
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6.4.2 GIPC1
6.4.2.1 Verification by western blot

The predicted molecular weight of GIPC1 is 36KDa. Using the Abcam ab123653
antibody, a 30 min film exposure time produced the optimal band intensity
(table 34). An example blot is shown in figure 36. The average band intensities
were normalised to Tubulin for all of the repeated experiments, and data are
shown in table 37. One repeat was not included as there was an error with the

immunoprobing.

Across four experiments, the mean band intensity of GIPC1 in LNCaP cells was
0.99 (range 0.93-1.08), and was 0.75 (range 0.54-0.88) for C4-2 and was 0.57
(range 0.35-0.88) for C4-2B cells. The mean band intensities for the PC3 and
PC-3M cell lines were 4.51 and 1.88 respectively (range 0.65-14.63 for PC3 and
0.11-6.05 for PC-3M). There was a significantly lower band intensity in C4-2 and
C4-2B cell lines than in LNCaP (p=0.03 and 0.01 respectively). Although the
band intensity was lower in PC-3M cells compared to PC3, this difference in

expression did not reach statistical significance.
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Table 37: Quantification of GIPC1 identified by western blot

Ratio of GIPC1 to beta tubulin

Cell line | Gel 1 Gel 2 Gel 3 Gel 4 Mean pvalue *
ratio
LNCaP | 1.08 096 098  0.93 099  LNCaP Vs C4-2
p=0.03*
ca2|054 08 073 083 0,75 | LNCaPvsC4-
2B p=0.01*
C4-28 | 055 088 049 035 0.57
C4-2 Vs C4-2B
p=0 .25
PC3 | 1463 154 122 065 451
PC3 Vs PC3M
PC-3M | 6.05 098 037 0.11 188  P¥0>

*comparison of means using independent samples t test
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Figure 36: GIPC1 protein identified by western blot.

A representative blot of the detection of GIPC1 at 36KDa (blue arrow) with
corresponding B-tubulin loading control (orange arrow) blot shown below, for
all five cell lines. 30ug of each total lysate sample was loaded per lane. The x
ray film was exposed for 30mins to produce the above images. Images were
taken and analysed using Image Lab software.
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6.4.2.2 Verification by immunohistochemistry

In order to verify the results from western blots, IHC was used for FFPE-
embedded cell pellets from all 5 PC cell lines. Quantification of the average
number of DAB positive cells and the mean DAB optical density (OD) is shown
in table 38. Representative images of the GIPC1 IHC results are shown in figure
37. A very small proportion of control LNCaP cells were positive (0.05%), with a
DAB intensity of 0.02. This was used as a baseline, and all other DAB intensity
values were adjusted accordingly. The bone homing breast cell line did express

GIPC at a high level, which demonstrated the accuracy of the IHC methodology,

The average DAB intensities and number of DAB-positive cells for each run are
shown in tables 39 and 40. GIPC1 expression (measured by the DAB intensity
and proportion of DAB positive cells) was greatest in LNCaP cells and was lower
in the more bone-homing cell lines C4-2 and C4-2B. The differences between
the LNCaP and C4-2 cell lines followed the pattern that was observed in the
western blots; in that there was a decrease in the expression of GIPC1 between
LNCaP and C4-2 cells (p=0.07) based on the DAB intensities. This was also
reflected in the average proportion of DAB positive cells that were detected;
67.9% vs 54.6% for LNCaP and C4-2 cells respectively (p = 0.03). There was no
measured difference in DAB intensity or number of DAB positive cells between
the C4-2 and C4-2B cells.

In the PC3 and PC3M cell lines, there was a slight reduction in DAB intensity
(0.27 Vs 0.23) and a reduction in the percentage of DAB-positive cells (43.8% vs
40.8%) in the PC3M cell line compared to PC3 cells, however the difference
was not statistically significant.
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Table 38: Verification of GIPC1 using IHC

Mean Mean % of Mean DAB
cell line number of DAB intensity

cells per positive overall

slide (n=4) cells (n=4) (n=4)
P7 breast cell 111,871 39.3 0.23
LNCaP (control) 52,159 0.05 0.02
LNCaP 89,324 67.9 0.43
C4-2 58,258 54.6 0.29
C4-2B 46,194 56.6 0.29
PC3 75,022 43.8 0.27
PC-3M 69,988 40.8 0.23

Mean DAB
intensity
adjusted for
control

(n=4)

0.21

N/A

0.41

0.27

0.27

0.25

0.21
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Table 39: Average GIPC1 DAB intensity across cell lines

DAB intensity

Cell line and
antibody

P7 controls +
GIPC1

LNCaP controls

LNCaP + GIPC1

C4-2 + GIPC1

C4-2B + GIPC1

PC3 + GIPC1

PC3M + GIPC1

Run1l

0.18

0.033

0.034

0.29

0.28

0.19

0.16

Run 2

0.2

0.008

0.039

0.25

0.33

0.32

0.31

Run3 Runié Mean

(SD)
0.2 0.31 0.23 (0.06)
0.025 0.011 0.02 (0.01)
0.039 0.062 0.43 (0.24)
0.25 0.36 0.29 (0.05)
0.3 0.23 0.29 (0.04)
0.29 0.28 0.27 (0.06)
0.24 0.21 0.23 (0.07)

Independent samples t-test

LNCaP controls vs LNCaP + GIPC p=0.00006*

LNCaP Vs C4-2 p=0.07
LNCaP Vs C4-2B p=0.06
C4-2 Vs C4-2B p=0.94
PC3 Vs PC3M p=0.38
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Table 40: Average GIPC1 DAB positive cells across cell lines

Proportion of positive cells

Cell line and Run 1 Run2 Run3 Runi4 Mean
antibody (SD)
P7 controls + | 32.0 35.3 35.0 55.1 39.3(10.6)
GIPC1

LNCaP controls | 0.07 0.01 0.1 0.03 0.05 (0.04)
LNCaP + GIPC1 60 64.5 66.4 80.8 67.9 (9.0)
C4-2 + GIPC1 54.7 51.7 52.5 59.3 54.6 (3.4)
C4-2B + GIPC1 55.1 56.2 59 56 56.6 (1.69)
PC3 + GIPC1 25.4 57.5 44.8 48 43.8 (13.5)
PC3M + GIPC1 34.2 51.5 41.1 36.4 40.8 (7.7)

Independent samples t-test

LNCaP controls vs LNCaP + GIPC p<0.001*
LNCaP Vs C4-2 p=0.032

LNCaP Vs C4-2B p=0.047

C4-2 Vs C4-2B p=0.33

PC3 Vs PC3M p=0.7




LnCap controls

- 227 -

Breast P7 control

b N W S PR B i
\ >~ ph oy, ® Yn e
:l j‘l.'\.‘. 4 '...' 5 . ..'". .
: - .'., ‘.,.‘Oj..‘. |-':..:. ®\s
‘999 o 2uBs 88 '...': o
g o Rt A 03
L L R A
o e L ©°¢ ) . -: ...
--;)':"' ‘\::", .-‘. - .
LnCap + GIPC C4-2 + GIPC C4-2B + GIPC
Ve L 2 A S, B B s * - e s Dhal dl R ¢ A~
Se HL S 0-l~ " ® » .c. o L4 -~ ) “ T : '_-‘

SN DT W e B i 'i‘z{""\' s b

Se® .‘o'.... ) - .'5 € ".‘! - "'? = .'.. - 8 l_l‘

i é .. fc;o.’;....!.‘..-.* £ .p*..* o . :’.l : ,qb"" 2 % L 4 u;&
et R Yl . R AR A R
W op e B g

1 88 I g O Q{ s ® - KR4 .o :"~.. s s o B

‘. ® .1.‘. o ‘..exa 13- e » &H B e et ¥ AL B

: s o . " o ol RSN s RO o

PC3 + GIPC PC3M + GIPC
Sl T YK GimraTeRl S J‘\‘ e
'-. 't:‘.::.;‘ ‘0 e K 5 :'¢ 23 c e L LR .
'.’. -y ".'...;‘:\o" - ‘o ».‘."
i Sy SR e e i
Povs o W+ %2 . =~
:; : .“5" _— ;“ " *.
[} . .‘.‘v- - ‘- - ': .-
. =g @ . L “w
Sl SEREPS P L) i _"._
Average adjusted DAB intensity

. for GIPC1 expression

S

c

= 0.50

€

Z » 040

a o

£ 9 030

c 2

- g 0.20

S S o010

c

S 000

= LnCap C4-2 C4-2B PC3 PC3M

Cell line

Figure 37: IHC images for GIPC1 and DAB intensity.

Representative images from each of the cell lines, and mean adjusted DAB
intensity values for GIPC1 in each cell line
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6.4.3 DOCK4
6.4.3.1 Verification by western blot

The predicted molecular weight of DOCK4 is 225KDa, and it required a slightly
longer western blot exposure time than for CAPG and GIPC1 in order to obtain
satisfactory band intensity for analysis. An example blot is shown in figure 38,
along with the reference MW markers and B-tubulin loading controls (average
band intensities were normalised to B-tubulin for each of the experiments).
Band densitometry data are shown in table 41. The mean intensity of DOCK4 in
the LNCaP cell line was 0.47 (range 0.25-1.15) and was 0.45 (range 0.17-1.12)
for C4-2 and 0.19 (range 0.13-0.28) for C4-2B cells. Although there was a
reduction in the DOCK4 band intensity from LNCaP to C4-2 and a further
decrease between C4-2 and C4-2B, the difference was not statistically
significantly different between them.

The mean band intensities for the PC3 and PC3 cell lines were 0.75 and 0.4
respectively (range 0.48-0.89 for PC3 and 0.11-0.53 for PC-3M), and there was
a statistically significant decrease in DOCK4 intensity between the PC3 and the
PC-3M cell lines.
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Table 41: Quantification of DOCK4 identified by western blot

Ratio of DOCK4 to 8 tubulin

Cellline| Gell Gel2 Gel3 Gel4 Gel5 Mean pvalue*
ratio
LNCaP 1.15 0.29 0.30 0.25 0.33 0.47 LNCaP Vs
C4-2 p=0.98
C4-2 | 1.12 0.59 0.16 0.17 0.21 0.45
C4-2Vs C4
2B p=0.21
C4-2B | 0.28 0.24 0.13 0.13 0.18 0.19
PC3 | 0.86 0.75 0.48 0.79 0.89 0.75
PC3 Vs
PC3M
PC-3M | 0.53 0.53 0.11 0.38 0.48 0.40 0=0.01

*comparison of means using independent samples t test
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Figure 38: DOCK4 quantification by western blotting.

A representative blot of the detection of DOCK4 at 225KDa (blue arrow) with
corresponding B-tubulin loading control (orange arrow) blot shown below, for
all five cell lines. 30ug of each total lysate sample was loaded per lane. The x
ray film was exposed for 30mins to produce the above images. Images were
taken and analysed using Image Lab software.
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6.4.3.2 Verification by immunohistochemistry

Representative images of the DOCK4 IHC analysis are shown in figure 39. The
control cell line contained only a few positive cells with a mean DAB intensity
of 0.2. The DAB intensities for other cell lines were adjusted by this amount
(table 42). DAB intensities and the number of positive cells are shown in tables
43 and 44.

LNCaP cells expressed very low levels of DOCK4, with a mean DAB intensity of
0.018 (0 when adjusted for control intensity) and few (0.26%) positive cells.
The values were consistent across all repeat runs (DAB intensities for the 4 runs
were 0.017, 0.017, 0.021 and 0.018). The more bone-homing, derived cell lines
C4-2 and C4-2B had significantly higher mean DAB intensities than LNCaP (0.39
and 0.45 respectively) and 64% of the C4-2 cells and 64.8% of C4-2B cells were
identified as DAB positive by the analysis software. There was no statistically
significant difference in the expression of DOCK4 between C4-2 and C4-2B
(p<0001 for both) cells. DOCK4 expression was lower in PC-3M cells compared
to PC3 cells (DAB intensities of 0.26 for PC-3M and 0.37 for PC3) and there
were fewer DAB-positive cells. The difference between these cell lines was
found to be significant in the DOCK4 western blot analysis, but did not reach
significance in IHC (p=0.11 for mean DAB intensity and 0.19 for the mean % of
positive cells).
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Table 42: Verification of DOCK4 using IHC

Mean number Mean % of Mean DAB Mean DAB
Cell line of ce.IIs per DAB positive intensity |r.1ten5|ty
slide cells _ adjusted for
(n=4) |
(n=4) (n=4) contro
(n=4)
P7 breast cell 101,931 45.2 0.27 0.25
LNCaP (control) 58,266 0.8 0.02 -
LNCaP 36,463 0.3 0.018 0
C4-2 58,841 64 0.42 0.40
C4-2B 40,615 64.8 0.47 0.45
PC3 110,622 58.5 0.37 0.35
PC-3M 57,181 44.7 0.26 0.24
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Table 43: Average DOCK4 DAB intensity across cell lines

Mean DAB intensity

Cell line and Run Run Run Run Mean
antibody 1 2 3 4 (SD)
P7 controls+ | 0.17 0.31 0.33 - 0.27 (0.08)
DOCK4
LNCaP controls | 0.036 0.01 0.01 0.01 0.02 (0.01)
4 9 2

LNCaP+| 0.017 0.01 0.02 0.01 0.018(0.002)
DOCK4 7 1 8

C4-2+DOCK4 | 038 045 033 042 0.42 (0.07)

C4-2B+DOCK4 | 0.55 0.31 0.54 0.48 0.47 (0.11)

PC3+DOCK4 | 0.52 0.24 0.34 0.39 0.37(0.11)

PC3M +DOCK4 | 035 0.23 0.21 0.23 0.26 (0.06)

Independent samples t test

LNCaP Vs C4-2 p<0.0002
LNCaP C4-2B p<0.0001
C4-2 vs C4-2B p=0.88

PC3 Vs PC3M p=0.012
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Table 44: Average DOCK4 DAB positive cells across cell lines

Proportion of DOCK4 DAB positive cells

Cell line and
antibody

P7 controls +
DOCK4

LNCaP controls
LNCaP +DOCK4

C4-2 + DOCK4

C4-2B +
DOCK4

PC3 + DOCK4

PC3M +
DOCK4

Run
1

26.5

0.69

0.27

69.2

72.8

77.7

61.7

Run
2

54

0.47

0.3

58.6

52.2

44

42.9

Run
3

55.1

1.89

0.2

60.1

65

52.2

35.4

Run
4

0.1

0.26

67.9

69

60.2

38.7

Mean

(SD)

45.2 (14.3)
0.79 (0.77)
0.26 (0.04)

64 (5.37)

64.8 (8.95)

58.5 (14.3)

44.7 (11.75)

Independent samples t test

LNCaP Vs C4-2 p<0.0001

LNCaP Vs C4-2B p<0.0001
C4-2 vs C4-2B p=0.88
PC3 Vs PC3M p=0.019
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Figure 39: IHC images for DOCK4 and DAB intensity.

Representative images from each of the cell lines, and mean adjusted DAB
intensity values for GIPC1 in each cell line
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6.4.4 Overall summary of analysis

The mean western blot band intensity ratios and DAB IHC results for CAPG,
GIPC1 and DOCK4 are summarised in table 45. There was differential
expression of all biomarkers across the five cell lines, in both total cell lysate

analysis (by western blot) and IHC (FFPE embedded cell pellets).

CAPG was investigated in cell lysate only. Within the LN-CAP and bone-homing
derived cells, expression was greatest in LNCaP cells, but was not significantly
different in the C4-2 or C4-2B cells. The band intensity was slightly higher in
PC3 cells compared to PC-3M.

The expression of GIPC1 in cell lysates was greatest in the LNCaP cell line, and
was significantly less within C4-2 cells. A further statistically non-significant
reduction was observed between C4-2 and C4-2B cells. A reduction in GIPC1
expression between LNCaP and C4-2 was also observed by IHC analysis, with a
significant reduction in both the mean DAB intensity and the percentage of
DAB-positive cells. This result was further confirmed by the results for C4-2 and
C4-2B using IHC. GIPC1 expression was greater within PC3 cells compared to
PC-3M cells in both western blotting and IHC analysis, however the difference
was not statistically significant.

DOCK4 expression was significantly reduced within the PC-3M cell line
compared to PC3 cells. This trend was also apparent within IHC analysis of cell-
pellets, however this difference did not reach statistical significance. DOCK4
expression was similar in the LNCaP, C4-2 and C4-2B cell lysates, however
analysis using IHC found very low levels of expression in LNCaP cell pellets. This
was similar to levels in the negative controls, and was also significantly less
than in C4 and C4-2B.
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Table 45: Overall summary of biomarker results

Western blot band ratios Adjusted DAB % of DAB
Cell intensity positive cells
line CAPG GIPC1 | DOCK4 | GIPC1 DOCK4 | GIPC1 | DOCK4
LNCaP 0.43 0.99* 0.47 0.41* o* 67.9* | 0.26*
C4-2 0.24 0.75* 0.45 0.27* 0.40* 54.6 * 64 .0*

C4-2B 0.39 0.57 0.19 0.27 0.45 56.6 64.8

PC3 0.62 4.51 0.75* 0.25 0.35 43.8 58.5

PC-3M 0.47 1.88 0.40* 0.21 0.24 40.8 44.7

*Denotes p<0.05 between the two measurements
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6.5 Discussion

This project aimed to investigate the differential expression of the protein
biomarkers CAPG, GIPC1 and DOCK4 within a panel of PC cell lines. The
proteins being investigated have all been discovered by proteomic analysis
experiments to increase in expression as triple negative breast cancer cells
develop bone homing ability within murine models of breast cancer bone
metastasis. A prostate cancer cell-line panel was chosen to mimic the natural
development of PC towards androgen-independent growth and eventual
spread to bone 793797,

Although there are clear differences between breast and prostate
malignancies, they are both hormone sensitive and share a propensity to
metastasise to bone; on this basis it was felt to be reasonable, and certainly an
interesting comparative, approach in PC cell lines. The expression of CAPG,
GIPC1 and DOCK4 was quantified first by western blotting in five selected cell
lines, and based upon the results of these, GIPC1 and DOCK4 were then taken
forwards for additional pre-clinical validation using IHC. The derivation of the
cell lines that were used, and the phenotypic appearance of the resulting bone
metastases in xenograft models (osteoblastic lesions in LNCaP derived cell lines
and osteolytic lesions in PC3 derived cells) required separate analysis which
was performed prior to the work within this chapter. Due to derivation from
different PC patients, and also characteristics of the cells, LNCaP, C4-2 and C4-
2B formed a natural first series, and PC3 and PC-3M were considered
separately. In this way, comparisons of protein expression were conducted
within cells which shared a common precursor — this approach is as equivalent
as possible to the original comparison of parental and fully bone homing breast
cancer cells (which are isogenic in this comparison).

6.5.1 CAPG

Due to the similar molecular weights of the tubulin control and CAPG, the
LNCaP /C4-2 and C4-2B panel and the PC3/PC-3M were analysed in parallel on
two gels in the same tank (under the same conditions). Blots can be stripped
and re-probed with 2 different antibodies sequentially, however to avoid any
concerns about possible antigen loss, separate gels were run. The exact nature
of CAPG’s mechanistic role in bone metastasis is still the subject of active
research, however roles of CAPG have been identified within the regulator of
actin filament length and cell motility and cell polarity, the epigenetic
regulation of transcription of key pro-metastatic genes as well as roles in
nuclear export 804816891

Commercially available antibodies previously used within published studies in
breast cancer were used to measure the expression of GIPC1 in the selected
cell lines. In the LNCaP panel, the expression of CAPG was greatest in LNCaP
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cells, and was lower in the more bone-homing, derived cells C4-2 and C4-2B.
LNCaP cells originate from a human lymph node metastasis, whereas C4-2 cells
originated from a subcutaneous (castrated) xenograft tumour, and C4-2B cells
were obtained from osseous tumours that developed in the same xenograft
models. Based upon the western blot results, CAPG levels appear to be highest
within the LNCaP-cells and to decrease in expression as the cells develop
towards more distant metastasis including bone. It is possible that CAPG may
be required for the early stages of metastasis and for entry into the lymphatic
system, whereas it is less likely to be required for bone homing and interaction
with the bone microenvironment. A previous study using the DU-145 prostate
cell line found that CAPG suppression slowed cellular proliferation, and
decreased migration and invasive ability 8%° so CAPG may play a role in the
extravasation of PC cells from the primary tumour and their migration towards
blood vessels and the lymphatic system.

PC3 cells are derived from a human BM, and the subsequent orthotopic
injection of PC3 cells into xenograft mouse models lead to the development of
lymph node metastases 88489 PC-3M cells were initially obtained from
repeated cycles of orthotopic injection of PC3 cells and the harvesting of
tumours 88, PC-3M cells produce a high frequency of lung and bone
metastases, depending on the model used 8. We initially anticipated that PC3-
M cells would have a higher expression of CAPG than PC3; this was based both
on their origin and expected potential to cause BM and the previously
published observation that CAPG levels were higher within bone homing breast
cancer cells than parental, primary tumour cells. However, we found that
within the PC3-prostate cancer cells the opposite appeared to be true; that the
expression of CAPG was greater in PC3 cells than in PC-3M. This was in
agreement with the results from the LNCaP panel, namely that the increased
CAPG expression in PC3 vs PC3M cells suggests that CAPG may be required for
the initial, early stages of metastasis into the lymphatic system, rather than in
later stages of spreading to distant organ sites including bone.

CAPG was significantly up-regulated specifically within bone metastatic breast
cancer cells compared with non-metastatic cells and cells which are metastatic
to lung, and these findings were further validated within tissue microarrays
derived from breast cancer patients within the large phase Ill, AZURE trial 73,
CAPG is also upregulated in several other tumour types, and there is published
evidence associating CAPG-expression with adverse clinical outcomes in several

cancer types 810817,

Our results in this pilot study, did not suggest that measuring CAPG levels
within PC would predict risk of spread to bone, however several important
limitations must be considered. For logistical reasons we were unable to obtain
a cell-line which mimicked the primary tumour or benign prostate tissue, so we
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do not know if the level of expression of CAPG is elevated (or not) within all PC
cells compared to benign prostate tissue, or within lymph-node metastases
compared to prostate primary tumours. Furthermore, as with all protein
expression based studies we are trying to infer the mechanism of a protein
from its level of expression; the inherent assumption is that, a greater level of
the protein in the cell at a stage of metastasis, implies that the protein is
required for that stage. As proteins can both inhibit and activate signalling
pathways the opposite may well be true. In order to fully determine the role of
CAPG within PC metastasis, further mechanistic studies are required with
engineered knock-down (or over-expression) of the proteins of interest and in
vivo studies within murine model systems.

6.5.2 GIPC1

As the estimated molecular weight of GIPC1 is similar to both tubulin and
CAPG, we used parallel analysis of the five cell lines using two gels (one for the
marker western blot and one for the tubulin loading control). We found that
previously used commercially available antibodies used for equivalent studies
within breast cancer cell lines were suitable for use within the PC cell-line
panels. GIPC1 expression decreased significantly from LNCaP cells to C4-2 and
to C4-2B cell lysates, and this result was also further confirmed using IHC
within FFPE cells. There was no statistically significant difference in expression
between the C4-2 and C4-2B cell-lines. As was observed in the CAPG results in
the same cell lines, GIPC1 expression was lower in PC3M cells than within PC3-
M cells in both western blotting within total cell lysates and IHC, although the
differences in expression were not statistically significant.

GIPC1 is a cell-signalling scaffold protein which plays a role in numerous
cellular-processes. GIPC1 is involved in endosomal trafficking during cell
migration and angiogenesis 23 and it also has a role within the expression of
cell surface receptors and adhesion molecules. In addition, GIPC1 plays a key
role within tyrosine kinase signalling and is a key-interactor with the TGFf
receptor 82382484 The role of GIPC1 within metastasis is still an area of active
research and its exact role in carcinogenesis and metastasis is not yet fully

834 and its role in

understood. GIPC1 is upregulated in many tumour types
bone metastasis was suggested by significantly increased expression within
bone homing breast cancer cell lines compared to non-bone homing lines 793,
This was validated by IHC staining within primary breast tumours from the
large, phase-Ill AZURE trial 7°>. In breast cancer cells, GIPC1 knockout has also

been shown to inhibit cell proliferation and promotes apoptosis 42,

Our pilot findings are that GIPC1 expression was greatest within cell lines
derived from lymph node metastasis (LNCaP) and also may be greater in
human-derived cell lines (PC3 and LNCaP) than cells that originate from
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xenograft models (PC3M, C4-2 and C4-2B). The extrapolation of results from
xenograft models to humans is not always straight forwards and it is by no
means certain that results obtained in xenograft model systems will translate
into the human (patient) setting 8%2. Thus we cannot be certain that our results
would be further validated if pursued within primary tissue samples. Having
initially obtained our results in cell lysates and validated them in IHC, we have
optimised the IHC antibodies for future use with prostate cancer TMAs. Clearly,
further repeats would be useful, and if the results are replicated, future work
should seek to investigate GIPC1 expression in human tissue microarrays using
IHC. It may also be useful to investigate GIPC1 in cell migration and invasion
assays in the cell lines that we used, as there is no published literature that has
explored this.

An ongoing area of research within the bone biomarkers group is the
generation of cell-lines over-expressing (and cell-lines with selective
knockdown) of proteins of interest. Targeted over-expression as well as
knockdown of proteins both provides suitable material for use in antibody
specificity studies as well as appropriately engineered cells for use in
mechanistic in vivo studies within animal models. Generation of these cell lines
is currently under way in Sheffield, however they were not available for the
current study due the large number of potential metastasis regulatory proteins
being pursued and the time involved to generate each engineered cell line. The
potential clinical role of GIPC1 would be dependent on these results; it has
potential as a biomarker of metastasis, but our results do not suggest that it
may be specific to bone metastasis.

6.5.3 DOCK4

DOCK4 (MW 225kDa) and B tubulin (MW = 37kDa) were analysed
simultaneously within one western blot. DOCK4 expression was significantly
reduced within the PC-3M cell lysates compared to PC3 cells as measured by
western blot. On the basis of this difference, DOCK4 was taken forwards into
IHC-validation, which confirmed the decrease in DOCK4 expression within PC-
3M compared to PC3, although this did not reach statistical significance. Given
that PC3 cells originate from both bone and produce lymph node metastases,
and PC-3M cells produce a high frequency of BM the results suggest that high
DOCK4-expression may be more required within the earlier stages of
metastasis.

The results from western blots for DOCK4 within the LNCaP-cell-line panel
(including C4-2 and C4-2B cells) were less conclusive. However, the results for
LNCaP from IHC were surprising as very-low to no DOCK4 expression was
observed within the LNCaP line (staining was observed within other cell-line
pellets in the same staining run, and this result was observed in 5 experimental
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repeats). This was reflected in both the measured DAB intensity and in the
proportion of DAB-positive cells, and was found in all repeat runs (where the
results of the breast p7 controls and the LNCaP controls were as expected).
Recent data suggests that DOCK4 levels are responsive to changes in the extra-
cellular matrix (ECM) and, in particular, to the adaptation of cancer cells to
growth on mechanically resistant matrices such as bone. Cell derived from a
lymph node metastasis may have different ECM-interactions that result in a
reduced expression level of DOCKA4.

DOCK4 has an important role within cell migration via the activation of G
protein-mediated signalling and within angiogenesis via the activation of Racl,
as well as in Wnt/ B-catenin signalling (part of the B-catenin degradation
complex). Furthermore, DOCK4 is also a key protein within the action of TGF
to drive cancer cell proliferation and invasion. These multiple, pleiotropic
actions of DOCK4 increase the likelihood of DOCK4 having a role in PC
metastasis, however no studies to date have investigated the role of DOCK4 in
PC cell proliferation or progression. In breast cancer, DOCK4 was upregulated
in bone homing TNBC cells compared to parental cells and its knockout
resulted in reduced invasive ability of cells 7°7. Within breast cancer TMAs from
the large international phase Ill AZURE trial, high DOCK4 expression levels
correlated with a reduced time to development of BM 7%7, Our results show
differential expression across the cell lines, but as this is the first study to have
used the combination of cell lines reported here for assessment of DOCK4
expression and further repeats, combined with mechanistic studies are
required to elucidate the role of DOCK4 within the metastatic spread of
prostate cancer.

6.5.4 Strengths of this study

No previous studies have investigated such a diverse panel of PC cell lines
based upon novel biomarkers of PC metastasis discovered by cutting-edge
proteomic analysis. We have used very well established techniques and
protocols to pursue the two complementary approaches reported here.
Western blotting is one of the most frequently employed methods for
qguantification of protein expression levels within biological samples. The great
advantage of western blotting is that is provides information regarding the MW
of quantified proteins, thus providing reassurance regarding antibody
specificity. We normalised all of the western blots to a loading control (B
tubulin) to ensure that any changes observed in the target protein abundance
represented actual differences and this use of a ‘housekeeping protein’ is a
standard procedure within WB analysis. Each gel was repeated five times, and
an average band ratio was used for the final comparison in order to improve
accuracy. Significant results in western blot analysis were taken forward for IHC
to provide a second method of verification. This has allowed optimisation of
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the antibodies, antigen retrieval and processing steps, which may be used in
future clinical validation using TMAs or patient-derived samples as well as
providing a validation of the results of WB by using a complementary method.

6.5.5 Study limitations

As described earlier in this thesis chapter, established breast cancer cell lines
are known to be bone-homing and have been used in models of metastasis. In
addition, isogenic cell-lines (derived by techniques such as repeated intra-
cardiac injection) have resulted in state-of-the-art cell-line pairs derived from
identical genetic backgrounds for use in techniques such as genetic sequencing
and proteomic analysis. Unfortunately, equivalent models are not so readily
available for PC, and selection of the cell lines was based upon availability
which was a factor in the experimental design. We acknowledge that the
heterogeneity of PC makes it probable that any future biomarker of PC
metastasis would be likely to form part of a wider biomarker panel.

LNCaP and PC3 cell lines are patient-derived cell-lines, with C4-2, C4-2B and PC-
3M cell-lines originating from within xenograft models. The different origins of
the LNCaP and PC3 series (from different patients), and the different
approaches used within cell-line derivation may go some way towards
explaining instances where differing results were obtained in the two cell-line
panels. It must be noted in this regard that proteomic studies have identified
distinct molecular subtypes within prostate cancer previously 7°2. In order to
fully assess the potential of these proteins as markers of PC metastasis a
considerable series of further experiments would have to be performed (see
“further work” section below).

The methods used within this study do have some inherent limitations; most
notably that to some extent western blotting is a semi-quantitative method.
Concerns of assay linearity and sensitivity are even more pronounced for the
IHC method where the colloidal nature of DAB staining means that its linear
range of accumulation and measurement is even more limited. Both western
blotting and IHC are also heavily dependent upon antibody availability and the
properties (affinity and specificity) of commercially available antibodies.

6.6 Conclusions and recommendations for future work

The main conclusion from the current study appears to be that the intracellular
levels of GIPC1 and DOCK4 within the PC cell-lines used alter most significantly
within the earliest stages of metastasis (escape from the primary tumour and
into the lymph nodes), but these markers do not appear to predict the risk of
subsequent development of metastatic spread to bone. No statistically
significant correlation was observed for CAPG for either primary tumour spread
to lymph nodes or bone.
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The results were obtained within a cell-culture model and could not be further
validated within patient derived material owing to sample availability issues.
Proteins such as GIPC1 and DOCK4, which may predict the escape of tumour
cells from the primary tumour and entry into the bloodstream and lymphatic
system could potentially be validated by measurement within circulating
tumour cells (CTCs). Recent published data has demonstrated the feasibility of
measuring protein expression within CTCs derived from PC 8%, and in this
regard the measurement of the expression of pro-metastatic genes (including
CAPG and GIPC1) has recently been reported within CTCs from breast cancer.
CTCs have also provided a source of biological material useful for sequencing
the genetic mutations which are correlated within metastatic PC.

Previous studies within breast cancer using tissue micro-arrays (TMAs) derived
from the large, phase-3 AZURE trial, have used IHC-methods to identify novel
proteins which correlated with lymph node involvement. An equivalent study
within PC primary tumour tissue samples would further validate the predictive
potential of the protein panel within PC metastasis. Using patient-derived
samples, a further development of the work outlined here would be to
measure the circulating level of these proteins within serum or plasma
samples from individuals with PC using either ELISA or targeted mass-
spectrometry (e.g. selected reaction monitoring — SRM) &4,

One final limitation of the current study, and as a consequence therefore a
potential future development of this biomarker work, concerns the spatial
distribution of biomarker proteins within tumour sections and cells. Metastasis
is by definition a spatial process in which cells have a “leading edge” and
tumours have an invasive front. The IHC-based cell staining presented here, as
well as the western blotting procedures used, all either disrupt the cell
structure, or remove PC cells from their biological context of being part of a
primary tumour or distant metastatic site. Recently developed digital spatial
Profiling (DSP) techniques have begun to illuminate the role of proteins within
the spatially defined regions within metastatic PC samples, providing
considerable insight into both the inter-patient heterogeneity and the spatially
distinct pattern of protein expression within a tumour 8. The proteins which
formed the basis of the panel assessed in the current study, may have specific
roles in cellular locations such as the leading edge of metastatic PC cells. This
may be particularly true for proteins such as GIPC1 which are known to bind to
plasma membrane receptors. A spatially resolved analysis of the expression
levels of the current protein panel may therefore further dissect the precise
roles of these proteins within PC metastatic spread from the primary tumour to
the lymph nodes and beyond to bone and other distant sites.
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Overall summary of thesis

The incidence of PC continues to increase alongside the ageing population, and
it is the commonest cancer in the UK. PC is most prevalent in men aged over 70
years, a population at risk of low BMD due to; age-related BMD decline;
physiological changes that occur with ageing; and the presence of comorbid
conditions. Ageing is also associated with frailty, changes in body composition,
functional impairment and increased risk of falls, and the effects of PC
treatment are super-imposed upon all of these. Consideration of the long term
consequences of cancer treatments is of increasing importance; they have the
potential to significantly impact morbidity, mortality, quality of life and
function, all of which are associated with considerable economic cost.

Assessment and optimisation of bone health in men treated for PC is an unmet
need, and risks avoidable harm. There is a disparity in the management of
bone health in women treated for breast cancer and men with PC, despite the
propensity of both tumours to metastasise to bone and for treatments to
affect bone health. Results from ANTELOPE suggest that the majority of older
men (with and without PC) are at significant risk of fracture and would benefit
from intervention, even before ADT is initiated. However, fracture risk
assessment is not currently incorporated into routine clinical practice, and
BMD testing is under-used.

ANTELOPE found that ADT rapidly and profoundly reduces circulating sex
steroid levels and accelerates bone turnover, manifested by a significant
increase in BTM after 12 months. We also identified high bone turnover with
predominant bone formation in men with metastatic PC. These men were
subsequently treated with chemotherapy and GC, and interpretation of BTM
after 12 months is challenging, as changes may reflect a response to systemic
treatment and GC use in BM, in addition to ADT.

Over the first 12 months of ADT, there is net loss of areal BMD at all sites. Loss
of aBMD is greatest at the lumbar spine which predisposes men to vertebral
fractures. Analysis of HR-CT T12 scans from ANTELOPE is ongoing, and will
provide greater detail regarding microarchitectural changes at this site. At the
distal radius, ADT is associated with significant loss of volumetric BMD and the
addition of GC and chemotherapy may exacerbate loss of cortical vBMD here.
ADT appears to cause microarchitectural deterioration at the distal radius;
there is loss of cortical area and thickness, increased cortical porosity, loss of
trabeculae, increased separation and gain in trabecular area. This leads to
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important reductions in bone stiffness and strength, and concomitant use of
chemotherapy and GC may reduce this further.

In addition to a reduction in BMD, microarchitectural deterioration and
strength, ANTELOPE has shown that 12 months of ADT is associated with
important changes in body composition. The resulting phenotype is one of
sacropenic obesity, with notable increases in BMI, trunk and upper limb fat
mass, loss of upper limb lean mass, impaired grip strength, worse physical
performance and frailty.

ANTELOPE has demonstrated significant and clinically important changes in
bone and body composition. These should not be underestimated, and in
combination with frailty, sarcopenic obesity and changes in physical
performance, leads to is a potentially vulnerable clinical state that would seem
to increase the likelihood of falls and fractures, with their associated morbidity
and mortality.

Current guidelines lack specific recommendations for bone health assessment,
adherence to them is poor and there is no current consensus as to who has
responsibility for bone health optimisation. Urgent clarification is required and
specific recommendations should be incorporated into future guidelines and
service design.

Future design of clinical PC services needs to address a number of issues;
where the responsibility for fracture risk assessment lies, which services should
be commissioned for BMD testing and treatment, whether access to BMD
testing is equitable across the UK, how frailty screening can be incorporated
into PC care, and whether interventions for frailty are effective in reducing
adverse outcomes. Studies must also evaluate the cost effectiveness of
interventions for frailty and fracture risk and include patient reported
outcomes.

Future PC trials should aim to include bone-specific endpoints. They should
seek to determine the efficacy of available bone-targeted therapies in
mitigating the deterioration in bone microarchitecture and the reduction in
bone density. Ongoing studies seek to determine the efficacy of exercise
interventions in maintaining lean muscle mass in this population; supervised
exercise programmes are currently recommended but after the initial period of
supervision it appears that compliance is poor and the effects of interventions
are short-lived.

In addition to the effects of PC treatment on bone, metastatic bone disease
provides a separate challenge to skeletal integrity. Bone is the most frequent
site of metastasis in PC, and the presence of BM increases the risk of SRE.
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These impact quality of life, are associated with worse survival and have
considerable cost implications. The risk of SREs can be reduced by the use of
bone targeted therapies in men with PC. There are currently no biomarkers
predictive of BM development in men with localised or locally advanced PC,
which would allow earlier detection and prompt intervention.

Work presented in this thesis has shown that proteomic techniques can be
useful in establishing the role of target proteins in the process of cancer
metastasis. The selected PC cell lines exhibited differential expression of the
biomarkers GIPC1 and DOCK4, that were previously found to be predictive of
BM in breast cancer. Although GIPC1 and DOCK4 do not appear to predict
development of BM in PC, they may predict the escape of tumour cells from
the primary tumour. This work should be extended further by measurement of
GIPC1 and DOCK4 expression in circulating tumour cells and in patient derived
tissue samples.
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