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Abstract

Metastasis is the final, lethal stage of cancer where cells migrate from a primary

tumour site to colonise a sawlaryorgan ands the primary cause of mortality in
cancer patients. Breast cancer is the leading cause of cancer death in women in the
world, with a recorded 627,000 deaths in 2018, and projected to reach 800,000 by
2030. In advanced breast cancer patiecancer cells favour metastasis to bone tissue
70-80% of the time, primarily leading to osteolyfi®ne destructionand sometimes
unwanted tissue formatio.he evolving mechanical environment during tumour
invasion might play an important role irebe processeas the activity of both bone

and cancer cells isegulatedoy mechanical cueslowever, it is not yet known how
specific bone tissue composition is associated with tumour invasion. In particular, how
compositional and nanmechanical propeds of bone tissue evolve during
metastasis, where in the bone they arise, and how they influence the overall

aggressiveness of tumour invasion, are not well understood.

The first study of this thesis sought to develop an advanced understanding of
tempoal and spatial changes in nam@chanical properties and composition of bone
tissue during metastasis. Primary mammary tumours were induced by inoculation of
immunecompetent BALB/c mice with 4T1 breast cancer cells, and microcomputed
tomography and nanadentation were conducted to quantify cortical and trabecular
bone matrix mineralisation and naneechanical properties, respectively. Spatial
analysis was performed in proximal and distal femur regions of tuadjacent
(ipsilateral) and contralateral fems after 3 weeks and 6 weeks of tumour and
metastasis development. By 3 weeks fiostulation there was no significant
difference in bone volume fraction or nam@chanical properties of bone tissue
between the metastatic femora and healthy controls.eMerearly osteolysis was
indicated by trabecular thinning in the distal and proximal trabecular compartment of
tumourbearing femora. Moreover, cortical thickness was significantly increased in
the distal region, and the mean mineral density was signtfichigher in cortical and
trabecular bone tissue in both proximal and distal regions, of ipsilateral (tumour
bearing) femurs compared to healthy controls. By 6 weeksipostlation, overt
osteolysis, decreased bomelume fraction, cortical area, cmal and trabecular

thickness were reported in metastatic femora. Trabecular bone tissue stiffness in the



proximal femur decreased in the ipsilatenaetastatic femurs compared to
contralateral and control sites. This study uncovered changes in bone tissue
composition prior to and following overt metastatic osteolysis, local and distant from
the primary tumour site. On the basis of these findings, itpn@gosed that changes

in tissue composition may alter the mechanical environment of both the bone and
tumour cells, and thereby perpetuate the cancer vicious cycle during breast cancer

metastasis to bone tissue.

The objective of the second study was to quantify changes in the mechanical
environment within bone tissugring bone metastasis aosteolytic esorption. This
studyused finite element @& models reconstructed from mie@rl images obtained
during the first study of this thesig particular, the tima&ependent changes ihe
mechanicaenvironment local to and distant from an invading tumouass, were
quantified to investigate putative mechanobiological cues for osteolysis during bone
metastasis. This studgported a decrease in strain distribution within the proximal
femur trabecular and distal cortical bone tisguesarly metastasis (3 wee after
tumour inoculation). These changes in the mechanical environment preceded
extensive osteolytic destruction, but coincided with the onset of &athecular
thinning cortical thickening and mineralisation of proximal and distal femur bone
which were reportedin the first studyof this thesis From these findings, it was
proposed that early changes in the mechanical environment within bone tissue may
activate resorption by osteoclast cells and thereby contribute to the extensive

osteolytic bone Iss at later stage (6 weeks) bone metastasis.

To investigate this proposed adaptation of bone tissue upon breast cancer metastatic
invasion, the third and final study of this thesis sought to apply the mechanoregulation
theory, which predicts tissue adafdn on the basis of changes within the mechanical
environment. This was performed using a bone remodelling algorithm driven by
changes in mechanical strain. A uslefined field (USDFLD) subroutine was applied
to murine proximal femumodek, with materal properties obtained from the first
study, such that each individual element within an FE model adapted material density
and stiffness according to pdefined strain stimuli criteria. In this way, this model
generated an iterative mechanoregulatoryaese to changes in strain distribution
throughout the bone mechanical environment, over a period of 3 weeks. This study



predicted that bone tissue would undergo resorption in regions which corresponded to
those in the first study of this thesigon overt osteolysis by 6 weeks of bone
metastasis. These findings further support the proposal that mechanobiology may play

a role in breast cancer bone osteolysis.

Together, the studies in this thesis report, for the first time, changes in bone mineral
content andnechanical properties prior to overt osteolytic destruction im afsivo
animal model of breast cancer metastasis. Computational analysis revealed decreased
strain distribution at this early time point, prior to osteolysis, and on this basis it was
propased that a mechanoregulatory response may contribute to subsequent osteolytic

destruction.
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PTHrP Parathyroid Hormoneelated Protein

SMI Structural Model Index
Th. N Trabecular Number
Th.Sp Trabecular bone tissue Spacing
Tbh.Th Trabecular bone tissue Thickness
TGFb Transforming Growth
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VOI Volumeof Interest
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C: Indenter tip shape constant
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Chapter 1:Introduction

1.1 Boneand Bone TissueMetastasis

Metastasis is the final, often lethal, stage of cancer that occurs when tumour cells
migrate fom a malignant primarynassto target a secondary site for tumour
proliferation. In approximately 780% of advanced breast cancer patients, tumour
cells metastasise to bone tisf@leman and Rubens, 1987, Plunkeatd Rubens,
1999) Metastasis leads to bone destruction (osteolysis), inferior quality bone tissue
formation (osteoblastic metastasis) or a mixture of these metagitisedy, 2002,
Clines and Guise, 2005, Kozlaand Guise, 2005WWhile the 5year survival rate for
patients with localised breast cancer is approximately 99%, this is reduced to just 27%
upon metastasiSiegel et al., 2019 Current treatments for advanced bone metastasis
include surgical intervention, radiotherapy, chemotherapy, gdrtherapies
(bisphosphonates, denosumab), but treatment effectiveness is -ppéetfic and

have harmful sideffectssuch as kidney infection and osteonecrosis of th€Bamon

et al., 2011) Mechanical stimulation of metastatic long bones via exercise inhibits
breast cancer cell extravasati@ones et al., 2010, Zhou et al., 2016, Regmi et al.,
2017) However a greater understanding of the precise mechanical mechanisms that
govern osteolytic metastasis is imperative for the discovery of more promising

treatment options

Bone tissue is maturallyadaptivecomposite materiaihich supportsnobility and
physbplogical loadingdemanded of the human body during everyltagpmotion
Bone is composedf two macroscale components; spottige and highly porous
trabecular bondissue extends throughout the bone marrow niche, while dense,
compact cortical bone tiss@i@ms a surrounding shell. Botissueis predominantly
composed ofcollagen (primarily type 1) an abundantprotein that is specifically
organisedinto fibres and fibrilsto provide structural support to the extracellular
matrix, and mineral whereby hydroxyapatite crystals formed froroalcium and
phosphorusare bound between collagen fibrils the presence of necollagenous
proteins Together these components are hierarchically organised to provide a strong,
dense, and lightweight connective materiglatae of withstanding high mechanical
loads. Bone tissue is produced by osteoblasts, which first produce the osteoid

collagenous matrix and then deposit famtiagenous proteins and minerals over time.
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Non-collagenous proteins (TGF , s c | er o $nf dsteopontim,sostedmectia, | ¢
bone sialoprotein) regulatdbone cell migration, proliferation and differentiation
(Poundarik et al., 2018, Licini et al., 2019)

Throughout life bone tissue is renewed and repladbtbugh the action of
osteoclastswhichresorbagedand damaged tissp@ndosteoblastsvhich replace this
with new boneThis continuougprocesf bone renewal and repasgrknown as bone
remodelling. Bteocytescan detect changes in timemechanical naroenvironment
(mechanosensation) and communicate these changes, via biochemical signalling, to
osteoblasts and osteoclagtsechanotransductiortp regulate bone remodellingn
this way, bone tissue is extraordinary in tihas continuouslyesorbed ash formedin
an adaptive response to changes in external mechanical gtimchanoregulation).

According to mechanoregulation theory, bone remodelling cells actively undergo
new bone formation when physical loading elicits mechanical stimulation beyond a
specific thresholdFrost, 1996, McNamara and Prendergast, 2007, Smotrova et al.,
2022) whereagnsufficient mechanical stimationresults in bone tissue resorption.
Mechanosensitive osteocytes produce fadtaasmanipulatebiochemicalsignalling
(in particular the Wnt signalling pathwayd either activatebone formation by
osteoblasts or osteoclastsorptionin response to changes in mechanical strain,
thereby counteracting such mechanical changes, in conqsiesuit of a homeostatic
physical environment. In this way, alterations in the mechanical environment as bone
diseases progress (osteoporosis, bone metastasisplsmglicit changes in the
mechanical signals received by osteocydes contribute tadisease progression
While it has been established that bone tissue is an attractive physical environment for
breast cancer metastasis, htwe process ofmechanoregulation may contribute to

tumour cell affinity is not yet understood.

1.2 Changes in the Bone Ntroenvironment during Metastatic Invasion

While breast cancer may result in increased formation (osteoblastic) at the target bone
site, 80% of metastatic invasion within bone tissue results in devastating bone
destruction, known as osteolysiBuring ogeolytic bone metastasisgumour cells
disrupt the remodelling process by adherimyading,and proliferating within the

bone tissue microenvironment. In brief, cancer cells release growth féoies,

BSP, OCN, IL-8, PTHrP)thatmanipulate resident bercells,n particular osteoclasts
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to drive bone resorptiofLangley and Fidler, 2007, Zheng et al., 20B)ne tissue is

an abundant source of growth factGfSF-1, BMPs, VEGF, TGH )Jandosteolysis
releass these which promote the further infiltration and proliferation wfetastatic
cancer cells (Chen et al., 2010)This process, whereby cancer cells invade,
manipulate, and perpetuate bone tissue resorption, is known ast¢kedaious cycle
(Guise and Mundy, 1998) According to Pagetds 06Seed a
providlesa particularly attractive substrate
cell s (6seedq) ate@agetri&88a)@ver timenthiscapceradiousf e r
cycle resultsin extersive osteolytic lesion in advanced metastatic patientghich
results in severe bone paklmypercalcemiaand anincreased risk ofracture(Clines

and Guise, 2005ptudiesof humanmetastatic bone tissi®m paients with a variety

of cancer types (lung, breast, prostate, ovarian, cblamgreported thabone tissue
density, mineral content, stiffness and strength significantly reduced when compared
to sitematched healthy bone tissiiianeko et al., 2003, Nazarian et al., 2008)
Animal models of bone metastasi® which tumour cells are inoculated into the
vascular system tmducemetastatic spreattaveenabled the studgf bone tissuén

vivo. These prelinical sudies report decreased bone mineral density, tissue
crystallinity, collagen quality, crystal width, trabecular tissue thickness and overall
bone volume in osteolytic borissue(Richert et al., 2015, Wang et alQ15, Burke

et al., 2016, Burke et al., 2017, He et al., 2017, Sekita et al., 2017, Burke et al., 2018)
In particular,n a study of female NCr mice inoculatetth breast cancer cells (MDA
MB-231) into the distal femurosteolytic lesions had formed 8% of femursby 3

weeks postnoculation but no change in bone strength was reported and bone mineral
density (BMD) had in fact increased in both inoculated and contralateral femurs
(Arrington et al., 2006)By 6 weeks, tumouinjected femora had significantly lower
stiffness anBMD, while 56% of the mice were removed from the study by 9 weeks
due to high risk of fracture failur@his study suggestthe microenvironment of bone
tissue undergoes significant chaageer the time course aietastasidHowever, how

these changes in bone metastasis correlate with the physical properties of bone tissue
is not fully understoodTherefore, the first hypothesis of this thesias fiBone
mineral content and mechanical propies are altered during breast cancéone

metastasis .
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1.3 Impact of Metastasis on the Mechanical Environment of Bone Tissue

The finite elementmethod(FE) is a numerical method of solving boundary value
problems This is conducted first by converting tedsoundary value problems into a
discrete system of equations, then discretized by approximating the integrals within
this system. The equations are solved in either a linear or nonlinear fashion, in
accordance with ssigned boundargonditions and within a predefined domain
NumerousFE studies have been conductedh computational meang) investigate

how the mechanical environment of bone tissue is altered during metaBtasas.
mineral content and mechanical properties @masistently reported toebgreatly
diminished upon metastatic osteolystomputationaFE studies havédentified the

risk of bone fracturencreases substantiallith the introduction of osteolytic lesions
reportedly inferred by decreased bone tissue strefigiiak et al., 2005)rigidity
(AnezBustillos et al., 2014and stiffnesgBenca et al., 2017pr to corresponding
increases in local bone tissue stréalanca et al., 2018Yertebral bulggSalvatore

et al., 2018)and microdamag@houdhari et al., 2016, Atkins et al., 2018number

of thesestudies analysed bone tissue samples where lytic lesions were introduced
artificially (Keyak et al., 2005, AneBustillos et al., 2014, Benca et al., 2017, Palanca
et al., 2018, Salvatore et al., 2018) other studies, bone samples with naturally
formed metastatic osteolytic lesions were imaged using computed tomod€phy
and3D reconstructetb develop thé&-E modelgChoudhari et al., 2016, Atkins et al.,
2019, Costa et al., 2019)hese studies reveal#uat principal strain vaselevated in
regions ofosteolytic lesiongChoudhari et al., 2016)vhich correlated with locations

of microdamagégAtkins et al., 2019and bone tissue déw mineral density irboth
osteolytic and nothesion metastatic vertebrg€osta et al., 2019However the
changesn mechanicaktrain stimul thatarise as a consequence of osteolytic lesion
formationduringbone metastaseenot fully understood. The above studnéghlight
aneed to characterise hawe bone tissue mechanicalcroenvironment evolvem

vivo as bone metastasis progresses.

In addition to evolving changes in bone tissue physical ptiepethe presence of
a developing primary tumour mass may also contribute to changes in the bone tissue
mechanical environment (see Figure 1). As a solid primary tumour mass grows and
stiffens over time, physiological forces such as surface tractiom stvess and

interstitial fluid pressurenay beexerted on its surrounding physical environment

4
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(Ambrosi and Mollica, 2002, Jain et al., 201%hus, knowledge of howechanical
stimuli may affect the evolution of the bone tissuemechanical environment, and
ensuing mechanobiological responses by bone akli&g osteolyticmetastasisis
imperative to understanding the bone metastatic pro¢éessecond hypothesis of
this thesis isiMechanical stimuli within the bone tissue micrenvironmentare

altered duringbreast cancebone metastsis and osteolysis .
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Figure 1.1: Metastatic invasion of the bone tissue extracellular matrix.
Invading metastatic cells adheethe bone tissue surfacsstivating resorption by
osteoclastsreducing stiffness and bone mineral density as a response. Such bone
tissue resorption subsequently results in the release of growth factors, which activate
metastatic cells within the tumostroma to undergo further proliferation and thereby
perpetuate the cancer vicious cycle.

If the second hypothesis of this theisidrue, a significantly altered mechanical
environment may influence the remodelling behaviour of resident bone cells
(ostedlasts, osteoclasts, osteocytes) durmsteolyticbone tissue metastasis. This
would, in turn, effect the release of growth factors during bone tissue resorption, and
therefore potentially play a role in the cancer vicious cydketurning to
mechanoregaltion theory, changes in mechanical stramay induce increased
osteoblast activity (increased strain beyond a threshold) or upregulate
osteoclastogenesis (decreased strain below a threghodgj, 1996, McNamarand

Prendergast, 200.7Thereforealterations inmechanical strain stimutluring early

5
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bone metastasis may induicereased osteoclast activity and bone tissue resorption,
manifested agdhe subsequent development of osteolytic lesioaportedin late

metastasis.

Mechanoregulation theory hasenapplied tain silico models, via the coupling of
finite element analysis and computational algorithmprédict the adaptaticsf bone
tissueto changesdue to mechanicalstimuli within the local environment This
methodology involvedefiningthe material properties of eaelement withirmmodel
meshaccording toa predefinedmechanical stimulus and mathematieapressions
that describe the evolution of these properties to actiengeostasi®ver multiple
iterationsto account for timelependencdn this way, mechanoregulation theory has
been used to predict bone formation and resorption in healthy(Bchelte et al.,
2011, Schulte et al., 2013, Pereira et allL,22@heong et al., 202Qdissue undergoing
repair (McNamara and Prendergast, 20Gf)d osteoporotic bon@Mulvihill et al.,

2008, Schulte et al., 2013, Cheong et al., 202@bjnany of the above studies, the
bone regions of interest were imaged using computed tomog(g) and these
scans 3D reconstructed for FE simulations, to ensw#&o-specific bone geometry,
density and stiffnesand most often introdudestrainor strain energy density as the
driving mechanical stimuliln one recent study, strain energyndigy driven
mechanoregulation was simulated in high resolution{#ETmodels of murine tibiae,

and accurately predicted regions of bone tissue apposition in both healthy and
osteoporotic bone tissu@Sheong et al., 2020biNotably,however this algorithm did

not succeed in accurately predicting bone tissue resof@lweong et al., 2020thus
thereremains a need to predict the development of osteolytic lesguided by
experimental analysis at time points before and after their developifeihg
together hypothesis 1 and hypothesis 2 above, if changes occur within the bone tissue
microenvironmat upon metastasis and these changes alter the mechanical stimuli
within this environment, simulations of mechanoregulation theory could provide new
insights into the potential impact of such altered bone tissostenclast activity and
subsequent ostedlis during the cancer vicious cycl&otably, while this study
focuses on osteolytic breast cancer metastisss;omputational modednd coupled
algorithmcould belater adaped for predicting metastatic progression in alternative
models of osteoblastimetastases and varied cancer typess, thefinal hypothesis

of this thesis i$iChanges in mechanical strain of bone tissue during metastasis may

6
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drive bone cell activity and subsequent bone tissue resorption, thereby contributing

to osteolysis and theancer vicious cycle 0

1.4 Objective and Hypotheses

The global objective of this PhD thesis is to investigate the mechanobiological origins
of osteolysis during breast cancer metastatic invasion into bone tissue. The primary
objective of this PhD thesis is tnvestigate whether the physical properties of bone
tissue extracellular matriarealtered during early metastasis, prior to overt osteolytic
destruction. The second objective is to establish whether these changes significantly
alter the mechanical emenment of bone tissue at this early stage of metastasis. The
final objective is to predigtusing computational modellirgnd mechanoregulation
theory the impact othanges in the mechanical environmemtoone tissue adaption
during early metastasis, dimvestigate whether mechanobiological coestribute to

later stage metastatic osteolysis and the cancer vicious Eyckehypotheses have

been defined to address thebeee objectives, each of which will underpin the
research of chapters33of this thesis.

1 Hypothesis 1:Bone mineral content and mechanical properties are altered
during breast cancer bone metastasis

1 Hypothesis 2:Mechanical stimuli within the bone tissue microenvironment
are altered during breast cancer bone metastasis and osteolysis

1 Hypothesis3: Changes in mechanical strain of bone tissue during metastasis
may drive bone cell activity and subsequent bone tissue resorption, thereby

contributing to osteolysis and the cancer vicious cycle

1.5 Thesis Structure

This thesis comprises the wocko mp |l et ed for the duration
studies. A review of the current literature is presented in chap@st&iling bone
metastasis, the cancericious cycle, bone hierarchical structure, bone cells,
remodelling, mechanobiology, mechanoragjon theory, and the known impact of

bone metastasis on bone physical properties. Chaptavestigates how the
microenvironment and mechanical properties of bone tisseealtered during
metastasistesting hypothesis 1 of this thesis. Chaptetedts hypothesis 2 by
investigating(a) whether mechanicatimuli within the bone microenvironment are

significantly alteredduring metastasis and (byhetherthe presence of a primary

7
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tumour mass could contribute to these chang&sapter 5investigates whetr
mechanobiological cues contribute to later stage metastatic osteolysis and the cancer
vicious cycle, by applyinghechanoregulation theory poedictbone tissue adaptation
during metastasisFinally, dhapter 6 summarises the main findings of this thesis
placing them in the context of current understanding of bone medwadation

during lreast cancebonemetastasis and osteolys&d outlines recommendations

for future research in the field.
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Chapter 2:Literature Review

2.1 Breast Cancer Bone Metastasis

Breasdercai s the | eading cause of cancer
recorded 627, O(0Br adye aetth saaln.d, R200018&)x @ @0 Q o
by 2(0C30 do s o .®hilematientsdiagn0skdBwjth early stage breast cancer

(stages I to Ill) have an optimistthance of 5/ear survival (99%), survival rate in the

final stage of cancer (IV, metastatic) decreases to approximately( 23% e g e | et
2019)Currentl vy, there is no definitive ¢
radi ot herapy and chemot herapwnt iasepeetca lfli ¢ mi
results. More recently, a variety of che
I mpeding metastasi s bwtf fceocmes . wiBti hs pchoonsspi hdoe
to secrenédi bindbernymal growth f@a@BRobbertreaedg
Reinhol,cd,om20MW5) h increased ri kWoof amand
Sol omon,, whoiOl7e) denosumab, an antibody to
i etctions which reuiiag eethoapherakRiOdA®yi om
understanding of the precise mechani sms

the discoveigiolg moeat meom options.

When breast cancer cells migrate from a primary tumour, the target site for
metastatic development is bone tissue irR80%0 of reported casg€oleman and
Rubens, 1987, Kretschmann and WeRf12) A long-standing theory proposed by
Pagef(1889)suggg st s bone tissue is a particular/l
(6seedd) to occupy and proliferate. Heal
by continuously resorbing old, damaged tissue and replacing this with new, strong
tissue in a pcess known as bone remodelling. The effect of the external tissue
mechani cal environment on cellul ar beh:
osteocyte cells to continuously regulate this process. Breast cancer bone metastasis
most often results in excebsne tissue resorption, known as osteol¢isazlow and
Guise, 2005and is reported to coincide with reduced bone tissue strength, density and
mineral conten{Kaneko et h, 2003, Arrington et al., 2008, Nazarian et al., 2008,
Palanca et al., 2021&}iven the mechanrsensitive nature of osteocytes, such changes
within the mechanical environment of bone tissue are proposed to influence the cancer

vicious cycleg(Zheng et al., 2013)ndeed, mechanical stimulation of long bones, either
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via direct loading mechanisms or with the introduction of exercise regimes, has
reported to increase interstitial fluid flow, hydrostatic pressurdiasule strain within

the bone marrow and subsequently inhibit breast cancer cell extravgtstich et

al., 2020) However, the precise role of mechanobiology during the cancer vicious
cycle is not fully understud. Furthermore, how the microenvironment of bone tissue

is altered prior to the development of osteolysis, and how these early changes in bone
tissue composition and mechanical properties could influence later osteolytic
destruction, have not yet been Bxpd. This thesis seeks to characterise changes in
the bone extracellular matrix as breast cancer metastasis invades, to provide important

insights into the key mechanisms which may play a role in bone tissue osteolysis.

2.1.1 The Metastatic Pathway
Metastasi®ccurs when cancer cells migrate from a primary tumour site and colonise

a secondary organ, and is the primary cause of mortality in cancer patiengelt et

al., 2005, Langley and Fidler, 2007)he journey of breast cancerllsefrom the
primary tumour mass to secondary sites within the skeletal system involves direct
interaction between cancer cells and homeostatic factors of the host immune system,

which work to inhibit tumour migration.

Individual tumour cells undergo eadf the following stages to successfully
metastasise, or otherwise face termination Fsgere2.1). Transformation: Healthy
cells within the human body undergo abnormal proliferation, becoming neoplastic and
forming a tumour mass which initially remains within confined borders (benign),
categorised as stage | cancer. As this can stem from any cell type, over one hundred
different variations of cancer can for@ooper and Hausman, 200@)ngiogenesis:
Chemokines (CXCLB and CXCLS8) released from tumour cells act as autocrine
growth factors to induce vascular growkekinuma and Hwang, 2006} his enables
further cancer cell proliferation, thus forming a now malignant tumour mass and
moving into stage Il of cancer developmektotility and Intravasation: At the
penultimate stage of cancer the primary tumour cells, now supported by a new
capillary network, peetrate the surrounding endothelial barrier, with the possibility
of also entering the lymphatic systé@ooper and Hausman, 2000)ansport: Once
within thecirculatory system, either through direct penetration or via the lymph nodes,
cancer cells rapidly migrate to the dist
and Soil theoryo the precise destinatior
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tumoury pe (6seedd) or subsequent met astat.i
(Paget, 1889)During their travel to a secondary organ, the majority of circulating
tumour cells are destroyed by the host concomitant immune response. For example,
antrtumour associated macrophages within the circulatory system release
glycoproteins (12, IL-6) and cytokines (CKCL9) to not only promote immunity but
also elicit increased iINOS expression, directly killing tumour cells via nitric oxide
(Janssen et al., 2017Arrest: What remains of the cancer cell population finally
attaches to the capillary bed and the endothelial layer of the new targetiocgéeq

far from the primary tumour sifgangley and Fidler, 2007xtravasation: Tumour

cells work to infiltrate the parenchyma of this secondary site and emerge within the
target secondary organ. Notably, for bonsuesmetastasis, the bone marrow niche is

a reported site for metastatic extravasation to l§8tlecca et al., 2019and is also

where dormant tumour cells are reportedly locdféuhah et al., 2018Response to
microenvironment: Tumour cell interactions with bone cells (osteoblasts,
osteoclasts, osteocytes), interactions with thechanical microenvironment and
biochemical factors (growth factors, chemokines) all influence the rate and impact of
metastatic invasion within the secondary @takinuma and Hwang, 2006)umour

cell proliferation and angiogenesisiollowing all of the above stages, and having
overcome numerous obstacles presented by the host immune system, surviving tumour
cells within the bone extracellular matrix must continue to proliferate and build a
vascular network to facilitate the final phasepwm asmetastasis(Langley and

Fidler, 2007) Inefficient angiogenesis by tumour cells within their new environment

is reportedly a key cause of cancer cell dormg@ignbrone Jr et al., 1972)

11
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Figure 2.1: Flowchart of the Cancer Metastatic Pathway(Mundy, 2002). Cancer

cells migrate from the primary tumour mass undergo angiogenesis to form a new
vascular gstem, then infiltrate the capillary network and migrate to a distant organ
such as bone tissue, evading host immunity along the way. Once at the distant organ,
the surviving metastatic cells adhere to the capillary bed and extravasate to the target
site, responding to stimulatory factors, such as mechanobiological cues, within the
microenvrionment. These factors influence further tumour proliferation within the
new metastatic cite and thereby perpetuate metastatic invasion.

2.1.2 Bone Tissue as an Attractive Ewironment for Metastasis
Upon arrival of metastatic cells within the bone extracellular matrix, a perpetuated

system known as the c aPaget 1889TWis prdacesslis Cy c |
composed of three phases, described further below in ds&al section 2.1.4)
Interestingly, genes expressed from metastatic braasectumour cells (MDAIB-

231) differ from those expressed by these same cancer cells, which remained within
the primary tumour site. Specifically, upregulation of MMIPIL-11 and CXCR4

were expressed by these metastatic cells, promotingriesnebingenzyme secretion
(proteolysis), osteoclastogenesis and homing to bone tissue, respdtaveley and

Fidler, 2007) Metastasis leads to botissuedestruction (osteolysis)he formation

of new bone tissue (osteobla&stmetastasis) or aombination of osteoblastic and
osteolytic metastasegMundy, 2002, Clines and Guise, 2005, Kozlow and Guise,
2005) Metastatic invasion of the skeletal environment leads to severe pain, éacreas
fracture risk, nerve compression and hypercalcé@liaes and Guise, 2005, Kozlow

and Guise, 2005)

2.1.3 Osteoblastic and osteolytic Metastasis
Osteoblastic metastasis is recognised as new, high density bon&édoramal has the

opposite resulting effects as osteolytic metastasis, in that the bone tissue is formed

12
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rather than resorbed. 20% of advanced cancer patients experience mixed osteoblastic
osteolytic bone tissu@kozlow and Guise, 2005While the precise mechanisms by
which osteoblastic lesions develop are not well understood;efGlaRnd VEGF r el .
by invading tumour cells may upregulate the Wnt pathway and downregulate dikkopf

1, a Wnt pathway antagonist, to theyeencourage osteoblastogenddianah et al.,
2018)(seeFigure2.2A). An in vitro study of the effects of prostagpecific antigen

(PSA), this antigen cleaves PTHrP and would, theoretically, inhibit the bone
resorption process vivoand allow for osteoblast fimation of new lesiond@wamura

et al., 1996) Prostate cancer cell lines are most commonly used to study osteoblastic
metastasis in murine studiéPai et al., 2016) Carcinoid, lung cancer, Hodgkin
lymphoma and medulloblastoma have also reportedly formed osteoblastic lesions
(Macedo gal., 2017) Osteoblastic metastasis is directly influenced by inflammatory
cytoki nes s(Ganguly atsal., ZONgtbwth factors such as TEF
(Logothetis and Lin, 2005kand bone morphogenic proteins (BMPgasuda et al.,

2004) When compared to healthy bone formation, the resulting osteoblastic tissue is
reportedly higher in bone mineral dengi§ozlow and Guise, 2005put also greater

in material homogeneitiBurke et al., 2017)vhich is previously theorised to lead to

increased bone brittleness and fracture (f&iskey et al., 2009, Renders et al., 2011)

Osteolytic Lesion Osteoblastic Lesion

o __% + ﬁ Wnt pathway
1]
P g @) TGF-8 & VEGF “@
- O x lDikkopH
Osteoblasts )

J@® O
® ot @ S
g Prostate cancer cells
T Bone resorption Osteoclastic activity Osteoblastic factors /ﬂ
RTGF-B Q) / I Bone formation ‘/
< o QQQQGQQQQ Osteoblasts
A Bone
(@) (b)
Figure 2.2: Schematics of key biological cells and processes involved in (a)

T Osteoblasts

Tumor cells

osteolytic and (b) osteoblastic metastasis) Osteolytic lesion development is
perpetuated by the release of PTHrP from invading metastatic cells, triggering an
imbalance in the RANKL/OPG ratio and an increase in osteoclastic activity and bone

resorption, subsequently eliciting the release of 8GFand PTHr P and f ur
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cell invasion proliferation and invasion. b) During osteoblastic lesion development,
growth factors (TG, VEGF) rel eased by invading tu
pathway while downregulating dikkoff, triggering osteoblastogenesis and the
formation of newbone tissue of higher densit}innah et al., 2018)

While approximately 20% of breast cancer metastatic invasion results in
osteoblastic metastasis, the remaining 80% of advanced patients undergo osteolytic
metastasigKozlow and Guise, 2005)Osteolytic metastas is the loss of bone
extracellular matrix due to the interference of invading tumour cells and their
manipulation of osteoclast celi$aube et al., 1994, Selvaggi and Scagliotti, 2005)

Such resorption stems fro the release of PTHrP from invading tumour cells,
overactivity of osteoclasts, inhibition of osteoblastg] #me subsequent release of

TGFb from resorbed bone tissue, i n a proc
(see section 2.4 below). Ultimately, osteolytic metastasis results in net bone tissue

resorption, where little or no repair occ@zheng et al., 2013)

Osteolytic metastasis can be exacerbated by multiple factors. Firstly, metabolism
appears to play a key factor in metastatic activity. In a study of BALB/c mice of 6
week old and 12 week old cohorts inateld with cancer cells via intracardiac
injection, the frequency of both breast cancer (MMRB-231 cell line) and prostate
cancer (PC3 cell line) metastatic tumours had significantly increased in younger
models, correlating with higher metabolic activitydagreater bone turnover rate
(Wang et al., 2015)This wasdespite no change in metastatic cell nun{véang et
al., 2015). Secondly, oestrogen deficiency, a key ailment of-ptatopausal women
which elicits subsequent osteoporosis, is also indicated to accelerate osteolytic
destruction in patients with advanced breast cancer metastasis. Specifically, oestrogen
receptord ( ERU) and oestrogen receptor b (ER
and invading breast cancer cell s. Whi | e
threefold increase in the occurrence of bone metastasis compared to oestrogen
negative tumourgKkoenders et al., 1991) t he speci fic rol e of
(FarachCarson et al., 2017)inally, insufficient calcium and vitamin D levels have

also been linked to more progressive osteolytic metag@isen et al., 2010)
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2.1.4 The Cancer Vicious Cycle
Phase I Secretion of osteolytic factorsUpon arrival within thdoone marrow niche,

cancer cells have the ability to undergo osteomimicry; invading tumour cells express
genes normally recognised within the bone extracellular matrix, which allows them to
invade, adhere, survive and proliferate relatively undisturbedHigeiee 2.3) (Chen

et al., 2010) The most important of these factors is PTHrP, which initiates bone tissue
resorption by binding to the G protedoupled PTH receptor that is pent on
osteoblast§Langley and Fidler, 2007)n this way, PTHrP upregulates the expression

of RANKL and downregulates OPG on osteoblast precursors, osteoblasts and
osteocytegZheng et al., 2013)An imbalance in the RANKL/OPG ratio elicits bone
formation in mature osteoblasts while also triggering the differentiation of osteoclast
precursors. PTHrP also stimulates vascular endothelial growth factor (VEGF), the
interleukinll cytokine (IL-11) and macrophage colony stimulating factor (MCSF),
which induce osteoclast formation, activity and proliferation, respect{@ézardin

and Teti, 2007)In addition, metastatic cells secrete factors such as osteopontin (OPN),
bone sialoproteifBSP), matrix metalloproteinase (MMB, more cytokines from the
interleukin family (IL-1, -6, -8), and chemokine receptor CX@R Specifically, OPN
promotes osteoclast adhesion to the bone suf@leeardin and Teti, 200/BSP has

been shown to act as aerhcattractant for breast cancer cdllsangley and Fidler,
2007) MMP-1 promotes boneesorbing enzyme secretion (proteolysis), ILs
contribute to osteoclast activation, and CX&@Rromotes homing of metastatic cells

to bongLangley and Fidler, 2007)t is important to note that osteoblast, osteoclast
and osteocyte behaviours have otherwise not been altered. Instead, the release of the
above biochemical factors have been shown to upatgaisteoclastogenesis while
downregulating osteogenesis, in an effort to subvert the healthy bone remodelling
process.
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Figure 2.3: The Cancer Vicious Cycle:Phase 1: Invading tumour cells produce
osteoltic factors that influence the behaviour of resident bone tissue osteoblasts and
osteoclasts. Phase 2: In turn, mechanical properties and mineral content of bone tissue
are altered, potentially eliciting a stimulatory response in mechanosensitive asteocyt
within the bone ECM. Phase 3: Bone tissue resorption results in the release of growth
factors which are redirected to invading tumour cells to induce further tumour
proliferation and the continuous release of PTHrP, thereby perpetuating the vicious
cyde. (Created using BioRender.com)

Phase 2i Lesion development:Factors released by the invading metastatic cells
permanently alter local bone tissue quality, morphology, mineral content, and
mechanical properties. Upon increased osteoclast activityodine pregulation of

RANKL, in approximately 80% of advanced breast cancer patients, the

mi croenvironment undergoes excessive bon
met astaseso. The remaining 20% al so pr es
where bone tissue of inferior quality and physical properties has fo(Meddy,

2002, Clines and Guise, 2005, Kozlow and Guise, 200aple 2.2-2.4 later
demonstrate the epific changes in bone tissurorphology, mineral content and
mechanical properties which have been reported in bone tissue of overt osteolytic

lesions (see section 22.

Phase 3i Further growth factor release: The bone extracellular matrix is a rich
source of growth factors. These factors, which would aid in bone mineralisation and
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repair in healthy tissue, are instead redirected for tumour cell development upon lesion
formation during the cancer vicious cycle ($dgure 2.3). Known factors include
insulin-like growth factor 1 (IGFL), bone morphogenic proteins (BMPs), fibroblast
derived factors and calcium (Ep and transforming growth factdreta (TGFb )

(Chen et al., 2010)The most notable of these factors, Tk bi nds t o
corresponding receptor on the surface of invading tumour cells, rather than promoting
osteoblastogenesis as would occur during regular bone remodelling. In this way,
activity and proliferation of bamforming osteoblasts is inhibited, while T
simultaneously promotes the growth and proliferation of invading metastatic cells
(Langley and Fidler, 2007)n this final phase, the increased growth and activity of
metasatic cells leads to further release of osteolytic factors, thereby returning to phase
1 of this process and the vicious cycle is perpetuated. The cancer vicious cycle, and
the osteolytic lesions which form as a result, lead to bone pain, increased risk of

fracture failure and hypercalcenti@lines and Guise, 2005, Kozlow and Guise, 2005)

2.2 Bone Tissue Composition and Biomechanics

The skeletal system is vital for structural support, movement, protection of organs,
cdcium storage and houses the bone marrow within the human body. Bone is
composed of haematopoietic stems cells, mesenchymal stems cells (MSCs), a vascular
system, bone marrow stroma and the bone extracellular matrix. Bone tissue is
composed of a complex drarchical structure, which stems from the macroscale
(cortical and trabecular bone regions) to the cellular level (osteoblasts, osteoclasts,
osteocytes). Knowledge of bone tissue modelling and remodelling processes is vital
for understanding the behavialirabnormalities that occur during breast cancer

metastatic invasion.

2.2.1 Bone tissue hierarchical structure
Bone tissue is a natural composite material composed of a hierarchy of layered

components, as iRigure 2.4, forming an anisotropic, viscoelastic tissue capable of
withstanding high load¢Rubin and Jasiuk, 20050ne third of bone matrix is
comprised of organic compounds categorised as either collagenous or non
collagenous proteins (NCPs) such as osteatatsteopontin, osteonectin and bone
sialoprotein. Ninety percent of the organic matrix contains Type | collagen, a fibrous
tissue that provides tensile strength and ductility. When mineralised collagen fibrils

are uniformly oriented, they combine to folamellae, which in turn form concentric
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layers until long tubdike structures called osteons are formed. Osteons are the
primary structural unit of bone, providing a suitable internal longitudinal space, known
as the Haversian Canal, for blood vesdeigure2.4) (Vaughan et al., 2012 ollagen

fibril quality and orientation are therefore key contributors to bone stress, while bone
density and mineral content are @dated with bone tissue stiffneg8ugat and
Schorlemmer, 2006)Collagen crostinking behaviour has proven to directly
facilitate the bone mineralisation process via deposition of carbon hydroxyapatite
(HA) crystals(Hunter and Goldberg, 1993, Saito and Marumo, 2010)

d Trabecula e

Hydroxyapatite Crystal

Nanostructure Sub-microstructure Microstructure Macrostructure
(1-100 nm) (3-8 um) (100-500 pm) (>1 mm)

Figure 2.4: lll ustration of bone tissue structural hierarchy Diagram of the layered
components of bone tissue from nanoscale to macroscale. Clustered hydroxyapetite crystals
adhere tacollagen fibrils, which combine to form a single lamellae. These lamellar in turn
form osteons, the primary structural unit of bone tissue. An abundance of osteons and lamellae
make up the bone tissue structure, divided into cortical and trabeculergiabs(Vaughan
et al., 2012)

2.2.2 Cortical and Trabecular Bone Tissue
The bone macroscale structure is divided into two key regions; a cortical bone tissue

|l ayer, and 6spongydé trabecular bone tiss
This configuration of an outer, densely packed bonedishell and porous internal

bone tissue region is ideal in vertebrates, withstanding high functional loads while
reducing stress and strain in skeletal jo{itamed et al., 2010Lortical bone tissue

makes up 85% of total bone masishin the musculoskeletal system and is compact

due to its highly mineralised condition, providing support and structure to the human

body to undergo everyday activiti@Slines and Guise, 2008)Vithin compact cdical

bone tissue lie lacunae, crevices between layers of collagen fibrils that house
mechanosensitive osteocytédshique et al., 2017)These collagen fibrils run

longitudinally within the dense cortical tissue, allowing for dense cortical bone to
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withstand high stresses in this direction. Canaliculi, small openings between each
lacunae, form the lacunaanalicular network (LCN), which allows for cellular
communication vital for bone modelling and remodelling procegssisique et al.,
2017) and has magnitude of complex branches comparable to the neural network of
the human braiBuenzli and Sims, 2015 ortical bone tissue has a relatively low

bone turnover rate of3% per yeaiin human adult¢Clarke, 2008)

Trabecul ar bone tissue |lies internal to
due to its approximately medike features and 80% porosifiyratzland Weinkamer,
2007) Trabecular struts function to evenly distribute and reduce strains throughout
the bone connective tissue upon mechanical loading. Indeed, results from high
resolution computational models mimicking weigg#aring loads in a human lde
bone suggest the arrangement of trabeculae is imperative for the even dispersal of
loads applied to the cortical bone surf@@arr et al., 2013Notably, trabecular bone
has a higher rate of bone turnover and metabolic activity compared to cortical bone
tissue in human patien{€larke, 2008) Collectively, these micro and macroscale
components of bone form a structure of great stiffness, densitlystaength to
counteract high loading and unloading cycles expected during regular activity in

vertebrates.

2.2.3 The Bone Extracellular Matrix
The extracellular matrix (ECM) resides within the bone microenvironment and is

composed of functional proteins (printg collagen), proteoglycans (GAG) and
adhesive glycoproteins (fibronectin, lamini/ang and Thampatty, 2006As a
mechanosensitive biological material, bone ECM is a source of mechanobiological
cues for regular bone remodellifgynch et al., 2020pnd its material properties
dictate bone fragility and mechanical strength. This connective tissue is the site for
bone cellular interactions and provides exposed surfaces for the adhesion of cell
receptos, facilitating cell migration, growth and differentiatioWWang and
Thampatty, 2006)Importantly, bone ECM is an abundant source of growth factors
including vascular endothelial growth fac{MEGF),insulin-like growth factorl

(IGF), bone morphagnic proteins (BMPs) and, most notably, transforming growth
factor beta (TGH YChen et al., 2010)
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2.2.4 Collagen and Bone Mineral
Biomineralization is the process by which hard tissues are biologically produced.

Thirty-five percent of mature bone tissue is organic in nature, containing
approximately 90% collagen, 10% nroallagenous proteins (NCPs), water, lipids and

cells (McNamara, 2011)Collagen is a constitutive protein, which is the key
component of matrix formation, and thereby a fundamental building block of all
connective tissue throughout the hum@ody. The basic structural unit of collagen,
tropocollagen, is rodike in structure, 2800 nm in length and 1.5 nm in diameter,

and is formed fr om tchang avistedad forrp &tppleeld e st r
configuration(McNamara 2011, Bonucci, 2012)eeFigure 2.5. A whole collagen

fibre structure is thereby formed in a staggered arrangement of-licioss
tropocoll agen mol ecul es, aligned dati par a
collagen type in bone tissue extracellular matrix, at approximately 95%, is collagen

type | (Niyibizi and Eyre, 1994)with type Ill, IV and VI also present.hHE precise

organising of collagen molecules and collagen fibrils provide bone tissue with
strength, elasticity and toughne@®dcNamara, 2011)The vital role of collagen is
demonstrated in bone clinical disorders such as in osteogenesis imperfecta (mutations
within the triple helix), Pagetnd(erossdli seas
linking is impaired) and osteoporosis (genetic abnormalities leading to irregular

collagen productionjViguet-Carrin et al., 206).
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Figure 2.5: Intracellular synthesis and assembly of type | collagen in the osteoblast
(a c) and extracellular formation of collagen fibrils & (McNamara, 2011)
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While 35% of bone tissue is O6organic6 in
i's Ominer al 6, systerommgisee of calcimoandgplasphotus, which
form hydroxyapatite crystals. Collagen molecules form natural gaps between which
water is distributed and hydroxyapatite crystals become nuclé¢dteted et al.,

2010) The diamoneshaped hydroxyapatite molecular structures then adhere in a
uniform distribution around the collagen fibrils and orientate themselves in line with
the fibril structure. Although the specific mechanisms of hydroxyapatite crystal
formation are not fully understood, it is theorized that amorphous calcium phosphate
(ACP), composed of closely packed Posner's ion clusters, undergoes autocatalytic
transformation to form these stable crystalline constr(RRtsner and Betts, 1975,
Roohani et al., 2021)he inorganic bone materiappears to undergo the following
sequence of steps to establish calcification: 1) Osteoblasts generate matrix vesicles, 2)
within these vesicles, calcium nodules and islands are formed, grow in size and merge
to become crystalline in structure, 3) collagjenls aggregate and 4) calcified crystals
propagate and orient themselves in alignment with their surrounding collagen fibril
structuregBonucci, 2012)Polycrystalline hydroxyapatite (HA) formation initiates at
relatively low densities and gradually increases with bone tissue matui&togedal

and Baylink, 1974)The inorganic phase of bone tissue is the primary contributor to

bone physical properties, including bone strength, elasticity, toughness, and hardness.

2.2.5 Analysis ofBone Tissue Composition and Mineral Content
A key method for establishing the health of bone tissue is by evaluating its tissue

mineral content and microarchitectude variety of popular techniques are currently
utilised to perform detailed analysis ledne tissue composition and mineral quality,
including computed tomography (CT), qualitative backscatter emission microscopy
(gBSEM), dual energy Xray absorptiometryfDEXA), Raman spectroscopy and
Fourier transform infrared spectroscopy (FTIR). Of thestniquesCT is the only
methodology that combines nalestructive analysis with visualisation and detailed
bone mineral density distribution (BMDD) analysis throughout a tdmensional
region of interestt-or analysis of changes in patient bone milisaton, quantitative
computed tomography (QCT) msost oftenperformedto analyse these largiman

bone tissue samples requiring lower image resolution, a measurement inversely related
to image pixel sizdn contrast, micracomputed tomography (mict@T) must be used

for analysis of murine bone samples which are far smaller in scaletherefore
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require higher resolutions for precise measurement of cortical and trabecular content.
While standard desktop mic@T imaging is a highly efficient process faone tissue
analysis, it must be noted that limited resolutions and imag&aett, discussed in
detail below, constrain the ability to analyse local bone tissue mineralisation at this
scale. An alternative method, synchrot(&R) micro-CT, reduces theéncidence of

such artfactsby emittinga highflux, high-intensity and monochromatic-iay bean,
resulting in highresolution images at a high sigrainoise ratio.However, the
relative inaccessibility of synchrotron facilities limits the widespreag afsthis
technique Of the techniques above) thepast four decades, mic®OT analysis has
become t he 6gol d standar do for anal ys
microarchitecture, especially in rodent mod@suxsin et al., 2010)While in vivo
micro-CT imaging allows for longitudinal analysis of the same animal models
throughout a studex vivomicro-CT allows for higher resolution images, with voxel
sizes as low as 5um, and therefore was the chosen methoétbusiee purposes of

this thesis.

Within a CT machine lies a microfocugay tube, which must first pass through a
collimator to concentrate the emitted photons into a beam, and throadmanium
filter to reduce hardening effects (sEgure 2.6). This beam then permeates the
sample before reaching a detector for measurement of hydroxyapatite densities. Once
emission and detection are complete, the sample is then rotated approximately 0.5
degrees and the prosesepeated. Upon complete rotation of a single sample, the
resulting images are reconstructed into a 3D representation of the scanned region of
interest. Prior to new sample imaging, mi€® scans are performed in a similar
manner on phantom samples okfidifferent known hydroxyapatite densities (0, 100,
200, 400 and 800 mg HA/dx daily and weekly, to ensure the machine is
continuously calibrated. Higher bone mineral density (BMD) regions imply increased
calcium content, collagen concentration and allggreater mineralisation of bone
tissue due to heightened activity of osteoblasts in the analysed region. In contrast,

lower BMD indicates a loss of bone tissue quality and lower mineralisation.
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Figure 2.6: Components of a standard micreCT scanner.Photons emitted from a
microfocus xray tube are concentrated and filtered before the sample within a
transparent chamber is exposed to thiayxbeam. The resultant image is captured on

a detector. Foreachmage captured, the sample 1is
repeated. (lllustration created with BioRender.com)

Micro-CT imaging requires precise parameter adjustments to obtain the clearest
visible scan resolutions, defined by its sigttahoise ratio andvhether impeding
image antfacts are presenBeam hardeningriefacts aregenerated when low energy
photons are attenuated as theay beam passes through the object of interest. This
first issue is mitigated via both the application of an aluminiuterfiand also by
integrating trinomial functions upon image reconstruction. M{Cioimages may also
form ring arefacts, appearing as concentric cir¢leat these are removed by using a
Gaussian filter of specified kernel and standard deviation (relatifiger thickness),

and by an additional support of 1 or 2 vox@suxsein et al., 2010)

Hydroxyapatite (HA) densities within a sample are measured in interchangeable
units of HA mg/cr, Hounsfield units (HUpr grey values, with mg HA/cfrbeing
the preferred unit for universal repeatabil{fgouxsein et al., 2010)Connective
tissues of a lower density, such as adipose and cartilage tissues, are eliminated by
defininga density threshold value, below which is not considered to be bone tissue. It
is vitally important that the chosen threshold level remains consistent throughout the
study(Bouxsein et al., 20104 variety of desity thresholds for the analysis of murine
bone tissue have been reported, from 247 mg HAtor613.7 mg HA/cri(Ravoori
et al., 2010, Wernle et al., 2010, Lynch et al., 2013, Cheong et al., 2@20bdhis
valuecommonly determined by finding a midpoint between the scanning background
and peak bone densifArrington et al., 2008, Willinghamm et al., 2010, Cheong et
al., 2020b) While a variety of parameters may be meaduwssing micrecomputed
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tomography technique, the precise values of interest for quantifying changes in bone

mineral content are outlinelchble2.1 below.

2.2.5.1 Bone Mineral Density Distribution Analysis
Bone mineraldensity distribution (BMDD) is a precise analytical techniguech

utilises histograms dfssuedensity to calculate changes in bone tissue mineralisation
and uniformity Previouslydetailed intheanalyss of calcium contenih human bone
biopsies usinguantitativebackscatter electron imag (QBEI) (Roschger et al., 2003,
Ruffoni et al., 2007)this methodology haalso been adapteébr variousimaging
techniqueof human bone tissuguch agquantitative microadiography(Boivin and
Meunier, 2002pand synchrotron radiation microtomograplifuzzo et al., 2002)
More recently, BMDD analysis has been a uk&fol for assessing hydroxyapatite
distribution in micreCT scans of rodenbone tissue(Mashiatulla et al., 2017,
O6 Sul | i v anThestechraguanclude? Gakeulajing the most frequent density
value present within a VOI (Mg, and categorising bone tissue mineral as low,
normatve, or especially high in hydroxyapatite density idM Mmedium Mhnign,
respectively) according to the®®&nd 74" percentiles of density distribution. Finally,
and arguably the most important value of BMDD, the Full Width at Half Maximum
(FWHM) is a masure of bone tissue heterogeneity. FWHM is calculated by halving
the Mnodeand subtracting the corresponding upper and lower density (@&asshger

et al., 2003) A detailed table describing each mi€€d output used in thishesis is
presented belowT@able 2.1). While micreaCT analysis is effective in measuring
changes in bone mineral content, mechanical properties must also be measured to fully
establish how the bone tissue microeorment is altered during breast cancer

metastatic invasion.
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Table 2.1: Micro-CT and BMDD analysis parameters, standard acronyms, units and des¢Rofifumi et al., 2007, Bouxsein et al., 2010)

Micro -CT parameter Acronym Units Description
Cortical bone tissue
Total bone surface area Tt. Ar. mm? Total surface area as outlined via mi€® contouring
Cortical bone area Ct. Ar mm? Tissue area, within the totaliface area, which exceeds the specific der
threshold
Cortical bone fraction Ct. Ar/ % Cortical bone surface area as a ratio of isolated tissue
Tt. Ar.
Cortical thickness Ct. Th mm Thickness of cortical tissue regions which reside above the spedéiesity threshold
Trabecular bone tissue
Total volume TV mm? Total VOI as outlined via micrk€T contouring
Bone volume BV mm? Bone volume, within the VOI, which exceeds the specific density threshold
Bone volume fraction BV/TV % Trabecular boe tissue volume as a ratio of isolated tissue
Connectivity Density Conn.D. mg HA/cm?  Measure of connectivity of trabeculae, normalised by TV
Structure model index SMI i Measure otendencyof a trabecular strut to form cylindrical morphology3p
Trabecular number Th. N. 1/mm The average number of trabeculae, as a unit of trabecular length
Trabecular thickness Th. Th. mm Space, within the trabecular regions, which resides above the specified density th
Trabecular spacing Th. Sp. mm Spacepetween trabecular regions, which resides below the specified density thre
Cortical and trabecular bone
tissue
Mean bone mineral density Mmean mg HA/cm®  Average BMD value within the volume of interest
Mode bone mineral density Mmode mg HA/cm?®  Most frequent BMD value within the volume of interest
Low bone mineral density M 1ow % BMD which has mineralised below the™percentile of the distribution
Medium bone mineral density M medium % BMD which has mineralised within a normative ramdelistribution
High bone mineral density M high % BMD which has mineralised above ti&" percentile of the distribution
Full Width Half Maximum FWHM mg HA/cm®  Range of BMD within the Mode half-height range, indicates tisst

heterogeneity
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2.2.6 Bone Mechanical Behaviour
Bone tissue physical structure, integrity and mechanical behaviour are governed by

the organic and inorganic (mineral) phases of bone. In particular, the mechanical
properties of cortical bone tissue (tissue stiffness, hardness, tougstnesgth) are
determined by collagen and hydroxyapatite alignment and orientation within the
extracellular matrix.Bone tissue is generally described as having the following
physical propertiesHeterogeneous It does not have uniformly distributed madér
propertiesthereforedensity and stiffness are unique to each location at a 1sozie
Anisotropic: As a consequence of unidirectionally aligned collagen fibrils, the
mechanical properties measured are dependent on loading dirdtti@elastic

Bone tissue has both a solid and fluid phase, in that the presence of osteons make this
material porous in structure, while also saturated by a vascular sy&testic. The
stressstrain curve of bone tissue is only uniform up to a yield point, beyonditkic
material behaviour is permanently alter&tometrically unique: Due to changing
physiological loads of daily activity and the constant bone remodelling process, bone
tissue morphology is unique, even when comparing contralateral bones within the

sane host(McNamara, 2011)

Bone tissue differs in these mechanical properties legtvepecies, anatomical
location, and between cortical and trabecular bone tissues. Bone tissue biomechanical
behaviour also differs depending on the length scale at which its physical properties
are measured. Macisrale test methods such apdnt bendiig, compression and
tensile tests are common techniques for analysing the mechanical behaviour of bone
tissue with natwural or simulated Ilytic |
and strain energy density distribution can be obtained from thebaiques, while
also revealing regions of fracture failure in specimens with osteolytic lg¥ansko
et al., 2003, Kaneko et al., 2004, Spruijt et al., 2006, Nazarian et al., 2008, Rennick et
al., 2013, Cheonget al.,, 2020h) However, 3point bending of murine femurs
reportedly leads to underestimationyob u nrgodui because this method assumes
perfect beantike geometries and does not account for complex morphologies inherent
in anatomical bone regiorggan Lenthe et al., 2008)vhile compression and tensile
tests are susceptible to loading misalignment and inaccurate estimation of the size of
the contact surfacgdVu et al., 2018)Importantly, given the hierarchical nature of

bone tissue, bone stiff ngand hadmssalchonee d a s
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tissue differ between micr@and nanescalegChen et al., 2003As such, nangcale

mechanical tests such as atomic force microscopy (AFM), ultrasonic acoustic methods

and nanoindentation @hanical testing techniques may be used to measure changes

in bone tissue stiffness at the smicron level. This thesis uses nanoindentation to
determine the Youngds modulus and hardne
mechanical test method vahi is not effected by bone tissue size, shape or porosity
(RodriguezFlorez et al., 2013)

2.2.7 Characterising Bone NaneMechanical Properties
Nanoindentation inslves applying a predetermined force or depth through an

electromagnetic actuator mechanism, driving the tip of an indenter of especially high
stiffness and hardness into the substrate surface. Aréggiution sensor then
continuously measures the regudt penetration force. The G200 Nano Indenter
(Keysight Technologies, USA), which was utilised for the purposes of this thesis, can
test substrate at depths as low as 0.01nm, (0.0002nm tmgrand a maximum load

of 500 mN (Keysight Technologies Inc., 201{Bigure2.7).

Coil/magnet assembly

Leaf spring

Indenter

Sample

Figure 2.7: Nanoindenter assembly schematicThe Keysight G200 includes a
coil/magnet assembly, directly manipulated via Keysight interactive software, to apply

a predetermined load supported by a leaf spring mechanism. Displacement of the long
indenter calmn throughout the structure is constantly measured using a capacitance
gauge. A final | eaf spring completes t he
(Keysight Technologies Inc., 2017)
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Each nanoindentation mechanical test involves the loading and subsequent
unloading of the Berkovich indenter into a substrate surface. According to
nanoindentation pioneers OlivardaPhari(1992) for any axisymmetric indenter such
as the Berkovich, the slope of maximum loBdand penetration depth, from the
upper 25% of the resulting unloading curve are tseamhlculate the contact stiffness
S (Figure2.8). Contact stiffness was specifically calculated from the unloading curve
because the loading curve would have included both plastic and elastic material
deformationwhile the unloading curve reflects only elastic deformation recovery and

therefore the elastic modulus can be calculated.
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Figure 2.8: Nanoindentation loading curves and indentation heights(A) Five-

cycle nanoindentation regime, where the slope of the final unloading curve used to
calculate contact stress of the indented bone tissue surface. (B) Profiles of a solid
substrate surface following an indenter load and unload cycle, including the altered tip
heights, h, and indented surface are@QBver and Pharr, 1992)

This stiffness is also used to calculate teducedmodulus,E;, whereAc is the
contact depth. Despite the high stiffness and strength of a Berkovich indenter, the tip

is still susceptible to blunting over time, resulting in gradual rounding of tineodic
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at point of contacand therefore a gradual change in tip aildee contact area of this
complex geometry must therefore be calculated from established constants
calculated as part of Keysight calibrations of the nanoindenter machine upon
assemblyand with known contact depti.

— Y =0 & (2.1)

M__
5 a4 a1 a0’ aq’ 8aQ’ (22

where the Berkovich indenter haB@@®lknown
GPa)andPoi sson@g@®@. 0 aAati 6ouregds modul ugisof the
calculated using Equation 2@nder the assumption that the indented tissue is
isotropig andutiisesPoi ssondés rati o, 3. Finally, bo
using with Eqation 4, where Raxis the maximum load applied on a specimen surface

(Pharr et al., 1992a)

p U p U (2.3)

0 (2.4)

The reduced Yand mgdessf headthd Q57RBLAS mouse femurs
have previously been investigated via nanoindentation to investigstrisotropyof
corticalbone(Casanova et al2017) This study foun wide range of modulus values
depending on loading direction and test location (minimum m&&b: + 0.50 GPa,
maximum mean: 23.81 + 2.47Pg), and that both modulasd hardness wehegher
in the longitudinal direction compad to transverse tests and also found a low
correlation in these properties between these two testing directions, suggesting
independent testing should be conducted for murine bone nanoindentation, where
available(Casanova et al., 201 A later study conducted nanoindeidatin the bone
tissue iNBALB/c mousetibiae,in cortical (E = 24.3 + 5.2 GPa, H = 0.9 + 0.2 GPa)
and trabeculabone tissugests (E = 20.8 + 4.1 GPa, H = 0.85 £ 0.2 GP&pe et al.,
2020) Interestingly, this study founslichmechanical properties differ significantly
between mouse strairend bone tissue dhe medial side had higher stiffness (up to
13.2%) and hardness (up to 14.4%) than tissue tested in the anterior or posterior

regions(Pepe et al., 2020)
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2.2.7.1 Factors Affecting Nanoindentation Testing
In preparation for mechanical testing, bone samples are commonly fixed in hardened

epoxy resin such as Polymethyl im&trylate (PMMA) and placed in a vacuum
chamber such that all trapped air or migmds are filled (Shen et al. 2006). Sample
dehydration has previously been reported to increase bone tissue stiffness in mouse
tibiae (RodriguezFlorez et al., 2013}heorised to be the result of an overall increase

in collagen compliance of the bomemposite(Hoffler et al., 2005) Specifically,

water may behave as a plasticizer on collagen fifBdsnbey et al., 2006 However,
nanandentation of dry bone tissue is deemed suitable for Oliver and Pharr calculations

in comparative studieRho and Pharr, 1999and gradual dehydration within the
chamber during mechanical testing is a concerning additi@muabr that is best
avoided by testing consistently dry samples. Bone tissue has viscoelastic properties,
attributed to the presence of collagen fibrils. While spherical and cylindrical indenter

tip shapes have been used in literature to indent soft airdthy substrates, a sharp
Berkovich diamond avoids buckling of bone tissue as the tip penetrates the surface
(6pile upd) or for |1 ocal regions to col |
( 6 si nk Figaré2PA. Thas was avoided by utilising a brand new, and therefore
very sharp, Berkovich indenter for mechanical testing and analysaigndents

within a fused silica sample to confirm no visual abnormalities in the indents, or
irregular spikesn load and unload curve€hanges in the resultant contact area, in
comparison to the nominal area, may lead to-oweunderestimation of the elastic
modulus and hardneéBolshakov and Pharr, 1998o0ne tissue is also susceptible to
creep due to its viscoelastic properties
such that the indenter tip rains at the peak loading depth for a predefined time period
before measurements are taken, recommended as 15 seconds or higher per indentation
(Wu et al., 2011)Local mechanical vibratiorand thermal drift are two environmental
factors to which the nanoindenter is especially sensitive Kgpae 2.9B) (Kuhn,

2000) As such, samples are housed within a suspended table that minimises the impact
of external vibrations during testing, while a sealed tla¢wabinet surrounding the

entire machine setup reduces changes in environmental temperature. In addition,
before each nanoindentation test commences, each new mechanical test is postponed

until thermal drift remains below a predefined value of 0.001 miAmslly, spacing
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between test sites must be at least 20 to 30 times the maximum depth applied to avoid

edge effect influences between indgidsysight Technologies Inc., 2017)
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Figure 2.9 Factors effecting nanoindentaion mechanical testingA) lllustration
of substrate -ionpd |eef fuepcdt stormudpeoimen itkfot®, n g 1 n
with an insufficiently sharpened nanoinder@®umarou et aj 2010) (B) Two load
unload curves illustrating the importance of thermal drift, where the loading curve
which has not been corrected for changes in environmental temperature (white
datapoints) reaches greater maximum depth under the same appliedbfacke

datapointsKuhn, 2000)

2.3 Bone Biology and Meclanoregulation

Bone cell types reside within the bone tissue extracellular matrix and marrow, and

dictate bone tissue formation and regulation, which specifically are osteoblasts,

osteoclasts, osteocytes and btinang cells (Kenkre and Bassett, 2018)hese cells

are collectively described as the bone multicellular unit (BMU) and govern bone

formation and resorption within the skeletal system.

2.3.1 Osteoblasts, osteoclasts, and osteocytes
Osteoblasts are cubesghaped ells that excrete bone osteoid, via the secretion of type

| collagen and nowollagenous proteins (TGhH , osteoprotogerin,

osteocalcin) upon the surface of the extracellular matrix. This osteoid is later

mineralised to form new bone tissuesfiy by forming hydroxyapatite (HA) crystals

and subsequently elongating these crystals to occupy gaps between collagen fibrils

(Del Fattore et al., 2012)This process of osté&l secretion and mineralisation is

imperative for skeletal growth. Mesenchymal stems cells (MSCs), originating from

the bone marrow, differentiate to form osteoblasts via osteoprogenitor cells and the

Wnt pathway(Del Fattore et al.,, 2012)Osteoblasts not only elicit bone tissue

formation, but also directly influence osteoclast activity and subsequent bone tissue
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resorption. Receptor activator of nuclear factor kagippigand RANKL) is a protein

which, upon binding with its receptor (RANK), promotes osteoclast activity and
differentiation (Langley and Fidler, 2007{Figure 2.10). Upon sufficient ostedi
production and mineralisation, however, osteoblasts upregulate the expression of
osteoprotogerin (OPG), a naollagenous protein that acts as a decoy receptor by
binding to RANKL and inhibiting the RANKRANKL pathway, consequently
reducing bone resorptn (Zheng et al., 2013RANKL:OPG ratio is a key indicator

of osteoclastogenesis and impending osteolysis. Interestingly, increased mechanical
stimulation of the bone microenvironment reduces osteocyte expregsolerostin

and RANKL, thus leading to bone formati¢(®arazin et al., 2021)
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Figure 2.10. Osteoclast lineage, primary components and bone resorptive
behaviour of an osteoclast cell.Proliferation and differentation, as well as
upregulation of RANKL by osteoblasts, lead to the formation of osteoclast cells. Each
osteoclast, composed of multiple nuceli, and a sealing zone, secretes enzymes from
their ruffled boarder to induce to elicit mineral dissolution and matrix degradation,
ultimately inducing bone tissue resorptiterner, 2012)

Osteoclasts are multinucleated cells, differentiated from osteoclast jioogetis,
which had previously proliferated from haematopoietic cells of the myeloid lineage

(Lerner, 2012) Specifically, osteoclasts are formed when increased expression of
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RANKL, as produced by osteoblasts, elicits osteoclast precursors to differentiate
within the bone extracellular matridigure 2.10). Osteoclasts function to actively
resorb old and damaged bone residue from the tissue surface, providing a cavity in
which new bone osteoid may be deposited as part of bone tissue Véplain. the
osteoclas membrane lies multiple nuclegogli stacks, lysosomes and a rough
endoplasmic reticulum, with one side of the osteoclast presenting a ruffled border
membrangCappariello et al., 2014steoclasts resorb bone by producing protons
(Carbonic Anhydrase Il), housedthin this ruffled border, which dissolve the mineral
content. Ostedasts subsequently release enzymes (cathepsin K) that remove the
organic matrix(Szewczyk et al., 2013)Osteoclast activity is influenced by the
expression of parathyroid hormoerelated protein (PTHrP), which upregulates
RANKL expression and decreases OPG, in turn leading to differentiation of osteoclast

precursorsad bone tissue resorptigozlow and Guise, 2005)

Osteocytes, which account for-96% of all bone cells in the human skeleton
(Tresguerres et al., 2020are mechanosensitive bone cells that reside within the
lacunae otortical and trabecular bone tissue and regulate skeletal str(&singue
et al., 2017) When osteoblasts cease forming new bone matrix, they either embed
themselves within the newly formed osteoid matrix and mature into osteocytes, or
alternatively mdergo apoptosiBonewald, 2011)A typical human adult skeleton is
comprised of approximately 42 billion osteocytes, which form an estimated 23 trillion
intercellular connections within éhlacunafcanalicular systenfBuenzli and Sims,

2015) Osteocytes are stahaged in their morphology, composed of-200 cilia that
protrude from the cell through narrow passageways of the bone extracellular matrix
(canaliculi). These dendritic extensions enable communication with other osteocytes,
bone lining cells and osteoblastssn d cont ai n mznteqrmCobes etn s i t i \
al., 2015) Osteocytes play a major role in the bone remodelling process by (a)
Signalling for the initiation of bone remodelling upon sensing changes in loading
within the extracellular matrix of bone, (®gulating the activation of osteoclasts to
initiate bone tissue resorption, (c) regulating calcium and phosphorus release from
bone tissue stores, and (d) signalling the end of the bone remodelling process, via the
secretion of antagonists to osteogeneisisluding sclerostinKenkre and Bassett,
2018) Details of how osteocyte behaviour governs bone cellular responses to changes
within the extracellular matrix (i.e., mechanoregulation) are described below.
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2.3.2 Bone Modelling and Remodelling
Throughout childhood and adolescence, bone tissue primarily undergoes a large

amount of growth and development, continuously changing and adapting the skeletal
morphology into adulthood. During bone modelling, osteoblasts undevge b
formation and osteoclasts undergo bone resorption, not necessarily in a coordinated or
simultaneous manner. Once vertebrates have reached adulthood, the rate of bone
development slows considerably. Bone remodelling is a process that continues
throughot life to continuously adapt to changes within its microenvironment, in the
form of growth, reinforcement and resorptioAs skeletal growth slows in the
transition into adulthood, &role of osteocytes becomes more importamast bone

tissue adaptiostems from changes in the mechanical environment due to damage or

loading.

The coordinated activities of osteocytes, osteoblasts, and osteoclasts govern bone
tissue structure and composition, and ensure a constant remodelling process. In this
way, bone rmodelling works to repair tissue damage, prevent the development of
hypermineralised bone tissue and maintain homeostasis by regulating the release of
calcium and phosphorus. The remodelling process is divided into two categories;
Targeted remodellingis more common and refers to the initiation of bone repair as
a result of osteocyte signalling, via their dendritic network, when bone tissue is
damaged (such as mief@actures) or there is a change in mechanical loadiog-
targeted remodelling occurs sysimically, whereby a change in hormones such as
parathyroid hormone (PTH) regulates the release of calcium from storage in the bone

extracellular matriXKenkre and Bassett, 2018)

Bone remodelling consists of fivaequential stages (sé@ure2.11). In humans,
though not in small animals, over 80% of the bone surface is quiescent (dormant) at
any one time, and therefore is not undergoing active bone remodgemgre and
Bassett, 2018)Activation: In this first stage, circulating osteoclast precursor cells
differentiate in a process regulated by osteocytes. Bone lining cells detach from the
substrate surface and form a canopylatng the bone remodelling units to a
designated area of necessary remodellRgsorption: Once formed, osteoclasts
undergo extensive bone tissue resorption, consuming damaged or aged bone tissue of
inferior quality. Reversal: Between bone resorption @formation, macrophages are

formed from the differentiation of mononuclear cells, and work to remove the debris
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formed from prior resorptionFormation: Once the macrophages are finished
cleaning up the resorbed tissue space, osteoblasts, which havecbegted and
differentiated throughout the previous stages, arrive at the resorbed bone tissue cavity.
Osteoblasts deposit osteoid, a bone matrix formed from protein, and work to
mineralise this material to form new, healthy bohermination: Once suffitent

osteoid has been deposited, osteocytes cease signalling for osteoblastogenesis.

Osteoblasts either undergo apoptosis or reside within the bone extracellular matrix to
become osteocytéKohli et al., 2018)
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Figure 2.11: The five stages of bone remodellinghis illustration demonstrates the
sequential progress as 1) osteocytes upregulate osteoclast activity leading to 2) bone
tissue resortion until such time as 3) the process is reversegl thie cavity cement

line and 4) osteoblasts secrete osteoid within this cavity to 5) generate new bone tissue

formation, until such time as osteocytes influence 6) termination of the remodelling
procesgKenkre aml Bassett, 2018)

Mechanobiology is the study of the effect of physical forces on cells residing within
the bone microenvironment and their ability to convert these forces into biochemical
signals(Liedert et al., 2005)Forces within the environment of bone tissue are altered
upon changes such as fracture, underuse, damage, or disease, thus altering skeletal
loading and triggering new mechanical cyBgl Fattore et al., 2012, Kenkre and
Bassett, 2018)n response to these mechanical cues, resident bone cells are recruited

for the resorption of degraded tissue (ostastsl), new tissue formation (osteoblasts)
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and regulation of these processes (osteocytes) to maintain homeostasis and mitigate

bone loss.

2.3.3 Mechanoregulation Theory
Given the complexity of bone remodelling processes, defining and predicting the

adaptive behawour of bone tissue has proven challenging. A foundation of biomedical
research i n b o ne (1893) staes,ein brielyaHatf theédtexnal | a w
microarchitecture of bone tissue adapts to changes in morphology and function, and is
dictated by external forces in accordance with mathematical laws. From this theory
stemmed the study of mechanobiology, whereby the mechanical environmengeof bo

tissue influences the behaviour of mechanosensitive bone cells which it surrounds.
Wol f fos l aw was t hen i mpl ement ed i n n u
understanding of the adaptive behaviour of bone remodelling. Two categories of
remodelling were dithguished, where resorption and deposition of osteoid is
performed externally (surface remodelling) or within the lamellar bone structure
(internal remodellingYFrost, 1964) 6 Adapti ve el asticity th
porous elastic bone model, which continuously adapted to changes in mechanical
strain in an effort to restablish equilibrium by way of altered bone mass, density and
stiffness, and had succedbfucorrelated with clinical outcomd€owin and Hegedus,

1976) A further adaption was biphasic theory whereby constitutive equations, used to
describe both solid tissueatnix and interstitial fluid components, predict creep and

stress relaxation in articular cartilage and bone tissue under compr@4siuret al.,

1980) | mportantl vy, F r qFsost01987ddecificd a mezhanicalt T h e
strain range of 200 1,500 ( 6 mi cr ostrai nsod) , bel ow whi
undergo tissue resorption, beyond which bone would undergo bone formation and
bet ween these st rzayi nz otnherde sihno | wlhsi clhi ebso nae 6
and no substantial bone tissue formation or resorption occur§ipee 2.12). By
implementing the above theories of Wolff, Frost and Cowin, adin@ensional
mathematial FE model of a human proximal femur under physiological loading
successfully demon gHuiskes et al., 1883)Ihis precessis hi el d
where bone tissue shares mechanical loads with a local prosthetic implant and, upon

this reduced mechanicstimulation, undergoes excess tissue resorptionéstatblish

mechanical homeostasis.
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Figure 2.122 Bone mechanical stimulus and the Lazy Zone.Schematics
demonstrating the a) criterion of bone formatoand r esor pti on acco
Mechanostat TheorfFrost, 1996)and b) a more recent study of adult mouse bone

tissue, where the Lazy Zone is not as clearly defined, and instead relates to a
probability of bone resorption or formation with changes in mechnical stinfiRs

et al., 2015)adapted byWeinkamer et al., 2019)

Building on the above theories, the ability of resident mesenchymal stem cells
(MSCs) to alter differentiation and expression in response to biophysical stimuli was
explored(Prendergast et al., 1997 linear, isotropic, biphasic FE model comprised
of four separate tissues (connective, fibrocartilage, fibrous tissue with minimal bone,
fibrous tissue with greater bone qtity) was developed to reflect a prior study
(Sgballe, 1993n which bone tissue at the interface of a canine femur and tibia was
mechanically stimulated via the micromotions of a pistamen implant. Prendergast
et al. (1997)outlines how two biophysical stimuli, such as fluid flow and shear strain,
could mechanically stimulate MSCs residing within the bone extracellular matrix to
undergo diffe ent i ati on and coll agen synthesi s,
continuous displacement under these conditions. New collagen formation would, in
turn, increase bone tissue stiffness and reduce matrix porosity in an effort to re
establish a regulateshechanical environment. Stimulation of such stiff, unmoving
bone tissue would therefore -bamergléadsat
as illustrated below (sdeigure2.13) (Prendergast et al., 1997he stimulation and
response of mechanosensitive cells within the bone microenvironment is now known
as Omechanoregul ationd, and involves act.
cell differentation in response to changes in the mechanical enviror{ivieNtamara,

2010)
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Calculate stimulus (S)

Figure 2.13 The 'mechanacregulatory pathway'. Illustration of two biophysical
stimuli, fluid flow and shear strain, mechanically stimulating resident MSCs to
undergo differentiatioand collagen synthesis, thereby increasing tissue stiffness and
reducing matrix porosity in a tirrgependent process, to regulate their mechanical
environmen{Prendergast et al., 1997)

2.3.3.1 Stimuli Whic h Drive Mechanoregulation
Mechanical stimuli arising in the surrounding bone microenvironment regulate

proliferation, differentiation, gene expression, protein synthesis, matrix production,
apoptosis and necrosis of the resident bone @&ésng and Thmpatty, 2006and is

crucial for organ homeostasis. Cellular mechanosensing mechanisms include ion
channels, gap junctions, integrins, primary cilia and the actin cytoskeleton
(Yavropoulou and Yovos, 2016, Stewatt al., 2020) When the bone mechanical
environment does not experience sufficient mechanical stimulation to meet the lazy
zone criteria (e.g., immobility), osteocytes express catabolic factors (sclerostin,
DKK1) to reduce osteoblast differentiation, ribley inhibiting bone formation. In the
absence of mechanical loading, osteocytes undergo cell death. Correspondingly, in the
absence of osteocytes, the process of mechanotransduction is severely impaired
(Sarazin et al., 2021)n contrast, when bone tissue is subjected to loads exceeding an
upper strain threshold, this is reported to induce fluid flow in the Haitethat fills

the lacunae of which osteocytes reqidshique et al., 2017)ncreased fluid flow in

turn elicits shear stresses upon the mechanosensitive osteocyte membrane, resulting in
the upregulation of biochemical signalling and ultimately resglin increased bone

formation, explained in further detail below. In this way, there is an inextricable link
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between mechanical stimulation and the behaviour of osteoblasts, osteoclasts and

osteocytes within the bone tissue microenvironment.

While mechaital strain is a key stimulus theorised to drive the mechanoregulatory
behaviour of the bone remodelling unit, alternative stimuli have been investigated in
an attempt to further understand bone adaption. The first of these stimuli to consider
IS microdamge, which initiates upon the introduction of fatignduced microcracks
in the bone extracellular matrix. Such damage can be induced by excessive loading of
bone tissue, and results in the disruption and perhaps apoptosis of resident osteocytes,
which inturn signal for greater osteoclastogenic activity and therefore results in net
bone tissue resorptiqhee et al., 2002)By utilising a bone remodelling algorithm, a
methodology explained in further detail below (sect@#d.l), this stimuli has
previously been investigated, in conjunction with strain stimuli, in a simplified FE
model of bone tissugMcNamara and Prendergast, 20058 Figure2.14). This study
accurately predicted strain stimuli driving the remodelling process up to a specific
threshold, beyond which microdamage stimuli overrides strain formation response,
resulting in net boneesorptionMcNamara and Prendergast, 2Q0i)a recenstudy,
microdamage stimuli (as a function of accumulated plastic strain) has been predicted
in micro-CT derived FE models of healthy ovine femurs under physiological loads
with simulated defect@-ernandez et al., 2022)his study found that microdamage
accumulates in regions of trabecular thinning or large bone cavities, and that even at
relatively low strains microdamage may still be an active stimulus for bone

remodelling(Fernandez et al., 2022)
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Figure 2.14: Flowchart of mechanoregulation subroutine For each simulated
iteration, the material properties of a model are updated depending on calculated strain
stimuli, micralamage stimuli, the rate of change of dengity } i ahd hoy
mechanoregualtory response is catagorised according to remodelling criteria to induce
net bone tissue resorption, formation or acquiescence. Each iteration of the algorithm
brings a new, elemeispecific stress) and strain responséf)(from the model,

which is then reintroduced into the equations in a cyclical process. The mesh is then
updated with new material properties to reflect these changes, and the algorithm
iteratively repeated until the model converges or is perfor@tétNamara and
Prendergast, 2007)

Another stimulus reported to emurage mechanoregulation is fluid flow. This is
theorised to be induced by a pressure differential brought about during physiological
loading, manifested as shear stress, and experienced by osteocyte cells within the
lacunarcanalicular networkL CN) which they inhabi{Fritton and Weinbaum, 2009)
However, a paradox was found, in that strains induced by typical loconiotidro
would not introduce the levels regedt to induce mechanoregulatory responses
reportedin vitro (You et al., 200Q)From this paradoxical findingtemmed a more
recent theory that mechanical strains are amplified by osteocytes cells, supported by
simulation of an FE models of an idealised osteocyte cell, which found confocal
protrusions within the bone tissue extracellular matrix to amplify apgtraths by up

to 50420% at the cellular levéVerbruggen et al., 2012More recently, changes in
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fluid flow were simulated via micrk€T derived poroelastic FE models of cortical
bone within the tibiae of ovariectomised ré@atti et al., 2018)This study concluded
increased porosity within the vascular system negatively impacts interstitial fluid flow
(Gatti et al., 2018)and therefore may significantly impact the bone remodelling
processThe need to includerecisdacunamorphology as an additional facterhen
predictingbone remodellingwas further supported in a study which applied axial
compressive loads on murine tibiae and performed in vivo rdr@ver a 2 week
period (van Tol et al., 2020)This study demonstrated that, when compared to
remodelling predictions based on mechanical strain aloneinthesion of LCN
morphology allowed for precise calculations tvass derived from fluid flow within
these structures, therebignificantly improwng FE model prediedbns ofbone tissue
formation, resorption or quiescen@@n Tol et al., 2020)

Two additional stimuli, though not as commonly reported in this research field,
have been investigated via the use of bone remodelling algorithms and are briefly
described here. Firstly, stress nonuniformity stimulation describes how bone
remodelling is driven by disparities in Von Mises stress between local cells compared
to neighbouring cellular units, assuming remodelling only occurred on the trabecular
bone surface, and reduced upon remodellirf@ddachi et al., 2001)Secondly, daily
stress describes the loading regime, which is cyclical, depemdsad frequency,
generates dynamic strain and reportedly predicts increases in bone volume fraction
and strength that static loading simulations would not otherwise have achieved
(Scheuren et al., 2020, Smotroeaal., 2022) The above computational studies of
various mechanical stimuli within the bone microenvironment have demonstrated
finite element analysis as an ideal method for investigating and predicting

mechanoregulation theory.

2.4 Computational modelling o bone tissue

The Finite element (FE) method is an automated approach for solving partial
differential equations in models of complex boundary conditions, geometries and
applied loads. In computational studies, this methodology involves the isolation of
individual sub-divisions within a 3D model, known as elements, further divided into
individual nodal points such that complex polynomial functions are calculated across

each element according to nodal forces and matrix stiffnesses. Further discretisation
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of a model mesh, by introducing a larger quantity of elements or nodal points (known
as O0second orderdé6 el ements) enabl es incr e
under investigation can be precisely identified and calculated. Additionally, material
properties may be simply defined as fundamentally elastic in nature, and therefore not
undergoing plastic deformation, or alternatively involve more complex material
behaviours such as flublid interactions within a poroelastic model. In this way, FE
andysis (FEA) allows for the inexpensive and efficient prediction of intricate changes

in stress and strain states upon the application of specific forces and clearly defined
materials. In particular, the nenvasive nature of FEA allows for the predictioh
changes in mechanical quantities (such as tissue stress and strain) at the microscale,
where conventional measurements may otherwise not be possible to atquvee

For this reason, FEA has become a standard methodology for investigating changes

within the mechanical microenvironment of biological tissues.

Early application of finite element analysis to studgne tissue behaviour and
adaptionsought to understandone loss (Reinhardt et al., 1983), the remodelling
process (Hart et al., 1991), fraot development (Rybicki et al., 1974) and post
fracture bone tissue repair (Meroi and Natali, 1989). However, these early studies
relied on cumbersome manual measurements of irregular tissue geometries, which
require a more precise approach for accurailations ofin vivo processes. The
computed tomography (CT) scanning technique, which is traditionally used to
visualise patient connective tissues in clinical and experimental settings, has since
been adapted for use in FE modelling by generating 38nsdaicted models from
these scandvRl and DXA scans have also been adapted for finite element analysis,
but CT reportedly demonstrates fewer averagers and superior failure prediction
capabilities based on bone stren@iteyak et al., 1990, Rathnayaka et al., 2012,
Viceconti et al., 2018)rhus CT scans have become a standard method for converting
in vivo and in vitro scans of skeletal components to develop paspatific FEA
simulations, with predictiond alinical outcomes from patiersipecific scans reaching
accuracies comparable to current stand@gilsa et al., 1998, MacNeil and Boyd,
2007)

Image processing software, for example Materialise MIMICS software (Belgium),

can be used to 3D reconstruct CT scans, providing/o-specific geometries of long
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bones. Each CT scan slice, stored as a Digital Imaging and Communications in
Medicine file (DICOM), includes a complete density distribution of the bone tissue
region of interest-or use in clinical CT, densities have beenvested from measured

grey values to Cerived density unitsiaa ratio comparing this value &sh density
whichisi n turn measured as the weight of bon
its volume(Schileo et al., 20085uch a correction has been deemed necessary in the
use of clinical CT analysis, as the phantoms required for calibration are homogeneous
and this ratio accounts for the heterogeneous nature of the bone hierarchical structure.
As calibrations phantoms arm@so typically used in mic,k€T analysis, such a
correction may also be necessary for this higher resolution methoddlbgy.
relationship between bone ¢tanisedefinedbgd@& nsi ty
powerlaw equation, which varies in studies itwiag bone tissue of differing species,

age and sex. In this way, material properties according to CT scans can be mapped
onto a reconstructed model, such that it is not only geometrically accurate but also has
voxelspecific physical properties. Reconsted models are applied a threshold to
eliminate lower density tissues, fixed for misaligned elements and imported into
Abaqus as an orphan mesh. Notably, in simplified FE models of human proximal
femora, tetrahedral elements were reportedly more repadsendf proximal femur
mechanical environments thiwexahedraklements, but were sensitive to the mesh
degree or refinemer(Ramos and Simoes, 200&hd therefore mesh convergence
analysis is necessary in such models. While the above methodologyalsesfitr
predicting instantaneous changes in bone tissue under precise loads anith witiain
specific geometries, FEA caalsobe utilised to accurately predict changes in bone

tissue over time.

2.4.1 Predicting A Changing Mechanical Environment Over Time
An additional feature of Abaqus software is the use of subroutines, which allow a user

to export outputs from a model, pass these outputs througksanted algorithm of
calculations and then reintroduce these updated parameters into the FE model mesh.
This can be conducted for each individual element of a mesh, and continuously iterated
such that the mesh is updated with new parameters for each increment of a running
simulation.Subroutines have the capacity to iteratively update the material properties
of a mesh, over multiple iterations and according to established equations. Subroutine
methodology has been used in a variety of published computational modelling studies
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to simulate the bone remodelling process, specifically applying the mechanoregulation
criteria to each individual element within an FE model mesh to predict bone tissue
adaption(Schulte et al., 2013, Phillips et al., 2015, Cheong et al., 2020a, Cheong et
al., 2020b)

Computational subroutines, $ucas UseiDefined Field (USDFLD) or user
material (UMAT), define solutiod e pendent wvariabl es, such
modulus at every elemeirttegration point. A USDFLD subroutine can be introduced
to an FE model with established geometry, mesh, danynconditions and loading
conditions, to simulate how properties within each element of the model mesh are
gradually altered over time. Subroutine implementation to demonstrate bone
mechanoregulation has previously been utilised for predicting longatudiranges
microenvironment of healthfGarciaAznar et al., 2005, Schulte et al., 2011, Pereira
et al., 2015, Costa et al., 2017, Cheong et al., 202@emagedMcNamara ad
Prendergast, 2007, Penninger et al., 2008, Isaksson et al. a2@0&3teoporotic bone
tissue(Mulvihill et al., 2008, Schulte et al., 2013, Badilatti et al., 2016, Cheong et al.,
2020b)

By implementing a bam remodelling algorithm, one can predict changes in the
mechanical environment of bone tissue during disease, ageing or as a result of tissue
damage, as demonstrated in a model of fracture repair bElgur¢2.15). With this
incremental approach, simulations of bone adaption could predict how breast cancer
metastatic invasion, and in particular their altered mechanical stimuli, may affect
osteoblast, osteoclast and osteocyte bone remodelling behaviours anddhmrelid

provide insight into how such changes may contribute to the cancer vicious cycle.
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Figure 2.15: Flowchart of sequences involved in a bone remodelling algorithm
incorporating Mechanostat theory, danapplying strain energy density and
microdamage as two stimuli which influence the remodelling behaviour of bone tissue,
in a model undergoing fracture healiff@uinn et al., 2022)

Aside from the above implementation of mechanoregulation theory, it must also be
noted that alternative methods for predicting chamgéise mechanical environment
have been applied to replicate tissue adaptmorivo. The first of these studies
developednicro-CT-derived FE models of human vertebral trabecular bone tissue and
applied compressive strain to simulate physiological laadiic Donnell et al.,
2009) This study utilised element deletion to remove voxel regions wéthotvest
principal strains, incrementally eliminating these trabecular regions until a bone loss
of 5% was reachefc Donnell et al., 2009Models were either a) stradependent
b) strain and microdamagkependent or c) strailamage dependent but the damage
threshold gradually increases during bone resorption, with the latter model version
reportelly providing the most accurate apparent modulus values when compared to
experimental result@c Donnell et al., 2009)Another study investigated the precise
influences of autocrine and paracrine signalling of osteoblast and osteoclast cells,
respectively, on FE bone remodelling predictigdambli, 2014) Bone cell density
was determined by osteoblast and osteoclast populations, in turn driven by strain
energy density and fatigue damage accumulation stimuli, and also incorporating a
spatialinfluence function to determine the radius about which an osteocyte may elicit
bone mineralisation, in a 3D human proximal femur model ovér years of

physiological loadingHambli, 2014) A more recent study utilisedicro-CT images
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of human trabecular bone tissue, and a maeleiaaing algorithm, to determine via

the CT-derived changes in stiffness what key stimuli drive trabecular bone tissue
resorption in osteoporotic tissue, concluded as yield stress and yield Sohail et

al., 2019) The machindearrning generated algorithm was then applied to a simplified
trabecular strut model, whereby bone was considered resorbed when it had reached
the tissue stiffness of surrounding bone marrow. It was reported that the resulting
changes in trabecular bone morgigy closely matched those reported in
experimental findinggSohail et al., 2019)While these studiekave demonstrat
successful alternative approachaspredicting bone tissue adaption to changes in the
mechanical environmenthese methods areot as widely reported and further

validation against experimental data is needed.

2.5 Analysing Bone Metastasis

2.5.1 Pre-Clinical Models of Bone Metastasis
Extensive analysis of cadaveric bone from patients with metastatic céilkaeeko

et al., 2003, Nazarian et al., 200@)e revealed reduced bone mineral density (BMD),
bone tissue stiffess, yield strength and ultimate strength upon osteolysis. However,
these results are limited in that infEtient variability arises due to multiple
conditions inherent for patient studies (age, lesion type, underlying conditions such as
osteoporosis réatment regimen) (Yao et al., 2020). Such variation between patients
limits the comprehensive analysis of changes in bone tissue upon metastasis. As an
alternative,in vitro analysis of metastasis is a promising method of analysing
metastatic behavioursithr highly controlled input factors. For example, a recent study
utilised a novelin vitro MIMETIC construct involving osteoblasts, osteoclasts,
osteocytes and 4T1 breast cancer cells included mechanical compression stimuli
replicatingin vivo conditions(Kumar et al., 2022)This studyfoundtumour spheroid
growth is influenced by bone cell signalling and matrix stiffr{&ssnar et al., 2022)

and further highlights the importance of mechanobiology during metastatic invasion.
While a very promising alternative) vitro constructs are currently limited in their
ability to replicaé the native mechanical environment that existvivo (Fan et al.,

2020)
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Preclinical models of metastasis provide controllable factors (age, sex, cancer
type) while demonstrating metastatic spreiad vivo. Though anatomical and
musculoskeletal variation in mouse models may present different skeletal responses
to metastatic invasion from those of human patients, bone morphological changes in
mice are similar to those in humans upon adiiitka, 2013)and, importantly, the
RANKL/RANK/OPG pathway is present in both speci@heng et al., 2013)
Published studies have utilised fmlenical models of metastasis to assess changes in
bone tissue physical properties following the development of overt lesions. These
models often involve inoculation of cancer cells via intracarfaneda et al., 1997,

Li et al., 2006, Wang et al., 2015, Burke et 2016, Burke et al., 2017, Sekita et al.,
2017, Burke et al., 2018intraperitonea(Chiou et al., 2021)and intravenous means

(Li et al., 2006, Richerttal., 2015, Allocca et al., 201,9r even via direct inoculation

of cancer cells into the target bone region of intgstngton et al., 2006, Arrington

et al., 2008, Nickerson et al., 2012, Sottnik et al15)0The time taken for breast
cancer cells to traverse the metastatic pathway, from initial desertion of the primary
tumour to the subsequent formation of metastatic lesions, can vary frash\teeks
(Wright et al., 2016) These temporal differences may be tluéactors such as the
chosen inoculation site, breast cancer cell line, mouse strain and which metastatic bone
site is assessgiiVright et al., 2016)While such studies produ@e vivo metastatic
lesions, these methods of cancer inoculation bypass stepsnmethstatic pathway
from primary tumour site tbone tissue, which may furthermore alter the temporal

progression of metastatic cellukahesion and proliferation within bone.

An animal model developed by Lelekakis et(4P99) was designed tgenerate
particularly aggressive breast cancer metastasisvo, whereby 4T1 breast cancer
cells are inoculated subcutaneously at the mammary fat pad to simulate metastatic
spread from the primary tumour mass. 4T1 breaster cells are highly invasive,
specifically when inoculated within the BALB/c mouse speciesrecabitulates key
stepsof thein vivo metastatic pathwalyom a primary tumour site to bongescribed
previously (section 2.1). This 4TEBALB/c mouse mdel has a reported 100%
incidence of metastatic spre@doneda et al., 2000)n terms of rate of metastatic
spread, tumour cells were consistently found within the proximal femur of BALB/c
mice within 19 days of nioculation at the mammary fat pad, visualised
usinghaematoxylin and eosin (H&E) staining of bone tissue esestiongLelekakis
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et al., 1999) Another study which utilised this precise design of 4T1 breast cance
cells with BALB/c mice reported lethal metastatic spread established as early as 2
week postinoculation, and life expectancy in an untreated mouse spanadeks
following cancer injectionPulaski et al. 2000) It is important to note the 471
BALB/c model does not require the elimination of the murine immune system for
metastasis to consistently occur, which further optimises the accuracy of this pre
clinical model compared to other metastatic studiehvutilise nude mice, in which

the thymus is removed to inhibit immune respofseington et al., 2006, Wang et

al., 2015, He et al., 2017, Allocca et al., 2019, Chiou et al., 2021)

2.5.2 Comparisons of femoral bonedevelopment in mice and humans
The murine femur differs morphologically from a human femur Bgere2.16),

as well as the weigHiearing load distribution and corresponding loading angle on the
femoral head.n particular, the mouse proximal femur includes three trochanter
regions (grear, lesser, third(Figure 2.16) to support typical locomotion in this
quadrupedal mammal, apposed to bipedal human femurs with only the greater and
lesser trochanter3.he greater trochanter of the mouse femur extends proximally in
line with the top of the femoral head, while a human greater trochanter is located far
more distal in location ahg the femoral sha{Figure2.16A). Metastatic cells have

an apparent preference for regions abundant in bone marrow, theorised to result from
high vascularisation and metabolic activity in these reg{®usol et al., 2003thus

long bones and lumbar vertebrae are standard sites of analysis for metastatic studies
assessing lesion developmédWiright et al., 2016)In the murine proximal femur,

similar to human bones of the same tissue region, thin groatbspie at between

each trochanter and the intrabecular spacavyhile a larger growth plate is located
close to the distal femoral epiphysis, adjacent to the medial and lateral cqi@blees

et al., 2013)Figure2.16A, B). Notably, nmurine femurs contain three trochanters in

the proximal region (greater, lesser, third), while humans possess only two and
therefore do not present as many growth plate regions for tissue mineralisation during
development. In addition, humans and mice sinylcontain a growth plate at the
threshold between the femoral head and femoral (€cke et al., 2013)Figure

2.16A, B).
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Figure 2.16: Comparison of femoral morphologies.Schematics ofA) human
(Sullivan and Anderson, 200@nd B) murine whole femur anatomies, wifowth
plates indicated in red.

It must be noted that murine growth plates dofus¢ directly upoadulthoodand
are not sealed until elderly, in contrastitoman growth plates/hich close once
skeletally matug, however the growth rate of murine lobgnes slows considerably
once mice have reached adulthdBdrjesson et al., 2013nd therefore adult mice
are still considered a suitable model émalysing changes in mineral content during
bone metastasigrrington et al., 2006, Richert et al., 2015, Burke et al., 2017, He et
al., 2017, Sekita et al., 2014mportantly andsimilar to human femurs, trabecular
bone tissue is present throughout the internal space of the murine proximal and distal
femus(Cole et al., 2013)while the femoral midshaft idraost entirely cortical tissue
(Judex et al., 2004)Taking all of the above factors into consideratithrg whole
proximal femur which lies adjacent to the primary tuminoculation site was chosen
as the first region of interestTo investigate changes in the bone tissue
microenvironment in the metastatic femur not directly adjacent to the primary tumour,
a distal region of interest was also chogemicro-CT analyss, scanning of the large
distal growth plate regions is discouraged, as large variations are present in bone tissue
mineralisation at this regiomvoided by setting the region of interest at least 0.25mm
proximally away from this are@Bouxsein et al., 2010As a consequence, a region
closer to the midshaft but still abundant in trabecular and cortical bone tissue is ideal
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for capturing changes in bone mineral content and mechanical properties which is both
far from the primary tumour site and yet not impacted by the most active site of
mineralisationThese regions were therefore chof@rthis thesis to fully characterise

the changes which evolve during breast cancer metastatic invasion, in both cortical

and tabecular bone tissues.

Although abundant in human cortical tissue, it should be noted that mice lack
osteons and Haversian canals within their cortical bone stru¢tdeasmatian et al.,
2018) however these are a standardgneical model for bone tissue analysis due to
their similaity in gene sequemsto humans gt approximately90%) (Birney et al.,
2002)and exhibit similar bone morphological changes during ageing to hu(igikes
and Sciences, 20130\ key benefit of utilisingmurine models is their fast bone
turnover rate, reported at 2D% per year in the cortical bone of adult m(i€eudium
et al., 2014)compared to-3% in human studieClarke, 2008)therefore providing

significantchanges in bone tissue morphology studies in a timely manner.

2.5.3 Impact of Osteolysis on the Bone Microenvironment
In the analysis of changes in bone mineral content aschamical properties, pre

clinical studies of metastatic osteolysis vary wildly between species, cancer cell line,
inoculation site, bone location of analysis, analysis methodology used and,
importantly, the duration of disease progression when analysiscaraducted. As

such, the below tables were created to visualise trends in bone mineral parameters
(volume, density, tissue thickness, lacunar orientation) and mechanical properties
(elastic modulus, hardness, tissue strength) upon metastatic osteobjtiectien
(Table2.2-2.4). These analyses were conducted using a variety of imaging modalities,
including micreCT, naneC T , DEXA, Gol dner 6s trichome
tests (compression, tension, nanoindgoaatomic force microscopy). Only findings

from the below studies which had statistical significance (p<0.05) are included in these

tables.

From cortical bone mineral analysis upon osteolyBable2.2), a vaiety of bone
mineral parameters (BV/TV, BMD, alignment of cortical lacunaepagradedn the
presence of osteolytic lesions when compared to healthy bone. This is similarly
observed in metastatic trabecular tissdable 2.3), where all parameters had
decreased upon osteolysis compared to controls, aside from trabecular spacing (Tb.Sp)
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which increases as surrounding trabeewiadergo thinning. The only exception to

the above observations are the findings of Chiou €R&i21)which, upon inoculation

of breast cancer cells into the mammary fat padideFoxn1™ mice, report increased

bone volume, density and trabecular thickness, 3 weeks following the inoculation of
tumour conditioned media into the mammary fat pad with tumour conditioned media.
Such findings suggest metastatic invasion and subsequent osteolytic destruction may
be sensitive to inoculation sites and the lapse of time between tumour cell
extravasationah ost eol ytic destruction. Meanwhil
modulus, hardness, bone tissue strength) consistently decrease in osteolytic bone
tissue when compared to healthy controls, for both cortical and trabecular regions, as
in Table 2.4. While the below results have shed light on the impact of osteolytic
metastasis on bone tissue physical environment following overt destruction, it is yet
unclear how these changes have evolved over time, and therefore must be addressed
to provide a more complete comprehension of the cancer vicious cycle, bone

metastasis, and the factors which may be involved in its perpetuation.
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Table 2.2: Reported significant changes in bone mineral eriiggs upon overt metastatic osteolysisantical bone tissue (mean * standard
deviation). Abbreviations used: wo = weeks old, M = male, F = female, M/F = mixed sex, n.d. = data values not discldzaméer8MC:
bone mineral contenty : degree of preferential alignment of lacunae along the bone longitudinal diréistnl.c.V: Distribution entropy of

lacunar density.

Study Cohort Cancer Inoculation Bone Disease Imaging Parameter CTRL MET
site location duration Method
(Kaneko Human, Mixed (breast, N/A Femoral N/A Micro-CT of BMD ash 1.145 £ 0.02 1.011£0.14
etd., 36-75y0, prostate, lung) diaphysis dumbbelt (g/cny)
2003) M/F shaped core:
Micro-CT ~ BMD (g/cnv) 1.233£0.03 1.096 £ 0.19
OF Cubed
cores
(Arringto Murine MDA-MB231 Bone marrow Distal femur 6 weeks Micro-CT BVITV (%) 6.83+1.75 0.77 £1.07
n et al., (NCr), (F10)
2006) 8-9wo, F
(Mann Murine MDA-MB231 Bone marrow  Femoral Lysis Micro-CT BV (mm?) 9.01+£0.94 897 +£1.43
et al., (NCr), (F10) Metaphysis  dependent
2008) F, 8wo
BMC (mg) 8.96 + 0.96 8.99+154
DEXA Normalised 1.15+0.09 1.21 £0.15
BMD ratio
(Richert Murine MDA-MB-231 Intravenous Tibial 32 days Gol dn« BVITV (%) 22.7+1.8 95+26
et al., (BALBI/c), Metaphysis trichrome
2015) 4wo, F staining
(Sekita Murine Melanoma Intracardiac Femoral 14 days Micro- BV (mm?®) CTRL > MET
etal., (C57BI/6), (B16F10) diaphysis CT (n.d.)
2017) 5wo, F
TV (mmd) CTRL > MET
(n.d.)
NanoCT fa 0.89 £ 0.03 0.81 +0.06
Dist. Lc.V. 1.69 +0.15 2.02 +0.08
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Table 2.3: Reported changes in bone mineral properties upon overt metastatic ostediydiednlar bone tissue. New parameteBSEWA:
weighted average grey value measured via Backscatter Emission ai@as&,Smallangle Xray scattering] -parameterHA mineral crystal
thicknessy -parameterHA mineral crystal origentation (mean + standard deviation).

Study Species Cancer Inoculation Disease Bone Imaging Parameter CTRL MET
type site duration location Method
(Arringto Murine MDA - Distal femur 6 weeks Distal Micro-CT  BVITV (%) 3.55+9.88 11+1091
n et al., (NCr) MB231 femur
2006) 8-9wo, (human
female breast)
(Nazaria Human, Mixed N/A N/A Spine and Micro-CT  BV/TV (%) 36.46 + 15.38 24.29+12.26
netal., 36-75y0, (breast, lung, Femur of bone
2008) M/F colon) cubes
BMD (g/cn?) 1.82+0.12 1.68 +0.22
BSEWA 14291 +13.84 114.82+15.75
(Burke et Rat HelLa Intracardiac 3 weeks Spine Micro-CT  BVITV (%) 465+1.4 41.6+1.3
al.,, 2018) (Foxnl), (human injection (L1-L3)
female, cervical)
5-6wo
BMD (g/cm®)  0.58 + 0.025 0.481 + 0.024
Th.Th (um) 749+1.6 714+12
Tb.N (#/mnf) 6.2+0.1 5.8+0.1
Tb.Sp (um) 86.2+3.5 100.4+£4.0
(Chiou et Murine MDA-MB- Intrapert 3 weeks Proximal  Micro-CT BV/TV CTRL<MET
al., 2021) (BALB/c), 231 toneal (daily) tibiae (n.d.)
female
Tb.Th CTRL<MET
(n.d.)
Th.Sp CTRL<MET
(n.d.)
Th.N CTRL>MET

(n.d.)
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Table 2.4: Reported changes in bone mechanical properties upon overt metastatic osteolysis in cortical &
trabecular bone tissue. M = Male pateints, F = female patients; Miked iseXx, i.c. = intracardiac inoculation,

I.v. = intraveneous inoculation, d.m.j: direct marrow injection, Cort. = cortical bone, Trab. = Trabecular bon
Sv = Yield strength, &= Utlimate strength.

Study Species Cancer Bone Mechanica Bonetype Para CTRL MET
_ | Test meter
Type location
(Kane Human, Mixed Femoral Compress Cort. E 23.0+£18 18.0+4.3
ko et 36- (breast, diaphysis, to failure (GPa)
al., 75yo0, prostate, dumbbelt
2003) M/F lung) shaped cores
Sy 153.0+16.5 106.6 =
(GPa) 34.6
Su 161.8+£59 1155+
(GPa) 34.1
Tensile to Cort. E 227+17 17.7+43
failure (GPa)
Sy 83.9+88 749+157
(GPa)
Tensile to Cort. Su 95.6 +10.9 86.2+18.7
failure (GPa)
(Naza Human, Mixed Spine, femur Nanc Trab. E 0.47 £0.07 0.22+£0.03
rian et 36- (breast, cadaveric indentation (GPa)
al., 75yo0, prosate, cores
2008) M/F lung,
colon)
H 0.52+0.09 0.24+0.03
(GPa)
Compress Trab. E 0.356 + 0.09 0.202 +
to 20% (GPa) 0.06
strain
Sy 100.5+21.8 40.4+10.1
(GPa)
(Man  Murine Breast Distal femur  Compress Cort, Trab. E 0.351+0.78 0.193
n et (NCr), cancer to failure (GPa) 0.13
al., F, 8wo (F10),
2008) d.m.j.
Su(N) 452+89 28.6+17.7
(Sekit Murine  Melanoma Femaal Nano Cort. E 242+23 183+3.1
aet (C57Bl/ (B16F10), diaphysis indentation (GPa)
al., 6), F, i.C.
2017) 5wo
(Burk Rat Cervical  Spine (L:L3) Compress Trab. E 157.7+22.1 821+17.7
eet (Foxnl), (HelLa), to failure (GPa)
al., F,5 i.C.
2018) 6wo
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2.5.4 The Mechanosensitive Behaviour of Metastatic Brast Cancer Cells
Metastatic breast cancer cells have been shown to alter their behaviour in the event

of changes within their mechanical environment. However, the precise impact of
increased mechanical stimulation on breast cancer cells is currentlgnnitien the
research field. In an vitro study, MDMB-231 breast cancer cells were seeded on 2D
polyurethane films of different elastic moduli (7OMP&800MPa) and analysed for
their expression of -Bb8i gmwdlilcihngeagsesedguil at
PTHrP and Gli2 promotion of tumour proliferatigRage et al., 2015)This study

f o u n d exprebsnincreased with matrix rigidity, specifically at stiffnesses
equivalent to trabecular bone tissue or higlifage et al., 2015)n a more recent in

vitro study, MCF7 breast cancer cells were cultured in conditioned media from
osteocytdike MYLO-4 cells, which had been mechanically stimulated with
oscillatory fluid flow (OFF) for 24hrgDwivedi et al., 2021) This study found a
significant upregulation of CXCL1 and CXCL2 cytokine expressihjch are
effective promoters of breast cancer cell migratibwivedi et al., 2021)The above
studies demonstrated increased matrix rigidity and mechanical stimulation of breast
cancer cells, in vitro, promote tumour cell migration and proliferation. However, an in
vitro study where metastatic breast cancer cells (MBB-231) were seeded thin

a microfluidic device, oscillatory fluid flow (OFF) was applied to mechanically
stimulate osteocytbke MYLO-4 cells seeded in an adjacent chaniMéi et al.,

2019) This study found the caar cells had undergone extravasation within 3 days,
and that this migratory activity reduced significantly when osteocytes were stimulated
with OFF compared to static conditiofidei et al., 2019) In amore recentn vivo
animal study, osteolytic metastatic cells (Py8119) were directly injected into the tibiae
of mice, which were then subjected to various levels of mechanical stimulation via
either a tibial loading rig (8N cycles) or a treadmuiihning regime (<4.5N)Wang et

al., 2021) From weekly micreCT scans, this study found that -t@pd stimuli
accelerated osteolytic desttion as early as 2 weeks following inoculation, while
moderate intensity exercise had inhibited osteo(\§&ng et al., 2021 Another stidy
investigated the effects of mechanical stimulation on metastatic breast cancer cells
(MDA-MB-231, MCF7) in two ways; a) MLGY4 cells were mechanidsl
stimulated via OFF and this conditioned media introduced to the cancer cells, b) a

microfluidic organ-chip model contained parallel cancer cell and osteocyte cell
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microchannels, with MLE¥4 cells mechanically stimulated via unidirectional fluid
shear stres¢Verbruggen et al., 2021)nterestingly, results from the first method
found that while static osteocyte signalling inhibited proliferation, mechanical
stimulation of MLOY4 cells reversed thisffect; the orgasthip methodinvolving

fluid shear stress inhibited breast cancer cell prolifergatbruggen et al., 2021)
Taking all the above studies into consideration, it is yet unclear what forms of
mechanical stimuli applied to breast cancer cells would influence their migratory,

proliferative or invasive behaviour.

By investigating he mechanobiological cues which may arise during early
metastatic invasion, such findings could shed light on the preferred mechanical stimuli
for perpetuating the cancer vicious cycle, and therefore provide clearer insight into the

role of mechanobiologgluring the breast cancer metastatic process.

2.5.5 Modelling Bone Loss and Osteolytic Destruction
Publishedcomputational studies of bone tissue metastasis commonly analyse lumbar

vertebragSalvatore et al., 2018, Atks et al., 2019, Falcinelli et al., 2019, Shinoda et
al., 2019)or the proximal and distal regions of the fenM#hyne et al., 2003, Keyak

et al., 2007, Sas et al., 202 cause these regions are abundant in datical and
trabecular bone tissue. Previous studies utilising mCFalerived FE (LFE) models

of healthy bone tissue have replicated metastatic osteolysis by introducing simulated
lytic defects. These may be manually introduced by either drillingieavitto the

bone tissue prior to CT scanniipruijt et al., 2006, Rennick et al., 2013, Anez
Bustillos et al., 2014, Alkalay et al., 201@eeFigure2.17) or by deletng elements
within a uFE mestiBenca et al., 2017, Salvatore et al., 20#8an attempt to match

the size and geometry of real osteolytic lesions seen in +@i€recans. However,
artificially produced defects répating natural metastatic development are considered
an inaccurate and unrepresentative model of metastatic osteolytic development
(Keyak et al., 2005, Yosibash et al., 2Q14)
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Figure 2.17: Simulated osteolytic lesionsAxial views of osteolytic lesions in
female patient vertebrae, where mi€® scans (bottom row) are dimensioned and
mapped to a corresponding sketch (top row) of black redikalay et al., 2018)

Changes in strain fields due to metastatic osteolysis have previously been visualised
in human vertebrae using Digital Image Correlation (DIC) and concluded increased
lesion size correlated ti deviations in strain distributiofPalanca et al., 2021a)
Regions of high strain energy density (SED), reportad invo micro-CT images of
mouse vertebrae under cyclical loading over 3 weeks, reportedly correlate with high
osteoblast and osteoclast aittiyWebster eal., 2015) Following the intracardiac
injection of osteolytic HeLa cells, strains within the vertebrae of metastatic rats were
visualised using micrk€T imaging and higltontrast staining, and reported the
reduction in bone density in metastatic boesdls to increased occurrence of micro
damage(Choudhari et al., 2016)see Figure 2.18). While previous studies have
successfully demonstrated how changes in mechanical stress, strain and SED fields
can be analysed to accurately predict fracture failure risk, how these changes may
come abouas osteolytic lesions form is not fully understood. Furthermore, how such
changes in mechanical strain within the bone microarchitecture could contribute to
bone cellular behaviour and the mechanoregulation process has not yet been
investigated
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Figure 2.18: Visualising microdamage within a metastatic rat vertebra using

finite element modelling. (A) Brightfield image of a histologically stained cress
section of a rat vertebral cressction, with (B) corrggonding HFE model of this
region with a coloured contour plot of principal stress distribuf@moudhari et al.,

2016)

2.6 Summary

This chapter has provided a detailed review of bone tissue composition and function,
the bone remodelling process, the morphology and behaviours of key resident bone
cells, and how regulation of the bonechanical environment is disrupted by the
cancer metastatic process. In summary, in healthy bone tissue, this remodelling
process is dictated by osteobldsiven bone formation, osteocladitiven bone
resorption and regulated by mechanosensitive ostecyiriring osteolytic
metastasis, upon the invasion of metastatic cells, released osteolytic factors disrupt
this regulation of the mechanical environment and stimulate the overactivity of
osteoclasts, ultimately resulting in devastating osteolysis. Howevde published
research has established a fundamental understanding of metastatic invasion and the
destructive behaviour of the cancer vicious cycle in bone tissue following osteolysis,
it is unclear how the bone tissue material properties compare tprmd following

the development of breast cancer osteolytic lesions. In particular, the temporal changes

in bone mineral content, physical properties and mechanical strains between cancer
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cell extravasation and subsequent overt osteolytic destructiom hat yet been
investigated. According to mechanoregulation theory, such changes within the
mechanical microenvironment of bone may trigger osteocyte activity and subsequent
activation of resident osteoblasts and osteoclasts. This thesis investigatesi&ow
dependent changes in the bone mechanical environarahthe mechanobiological
cueswhich could arise uposuch changesnay contribute to the perpetuation of the
cancer vicious cycle and tumour invasiveness during breast cancer metastasis to bone

tissue.

Chapter 3 of this PhD thesis investigates how bone tissue mineral content and
mechanical properties are altered, prioatna followingovert osteolytic destruction,
using an animal model of breast cancer metastasis. In Chapter 4, finite element
analysis is implemented to establish how changes in tissue properties and composition
(from Chapter 3) may alter mechanical strain stimulation within the bone
microenvironment by simulating mouse femur models under physiological loads.
Chapter 4 investigatebe impact of early bone tissue mineralisation on mechanical
strain distribution within the bone tissue microenvironment. Finally, Chapter 5
predicts the mechanoregulatory response of resident bone cells over 3 weeks of
metastatic progression, using fingeement simulations of mechanoregulation theory
in pre-osteolytic bone tissue.

59



Chapter3

Chapter 3: Temporal and Spatial

Changes in Bone Mineral Content

and Mechanical Properties During
BreastCancer Bone Metastases

The following chapteis based on a scientiffapemwhich has been peer reviewed and
published in the journ@one ReportéVerbruggen et al., 2022nd is presented below

in the format of this articleAll tissue sample harvesting, mie@l analysis,
nanondentation mechanical testing, statistical analyses, writing and editing were
conducted by the author of this thesis. Model design, IVIS imaging, and scientific
writing pertaining to IVIS imaging were conducted by our collaborators Rbisin

M. Dwyer andElan C. McCarthy,Lambe Institute for Translational Research,
University of Galway, Irelandwith their ceauthorships and contributions recognised

upon publication.

3.1 Introduction

Metastasis occurs when cancer cells migrate from a primary tumour gitelanise

a secondary organ, and is the primary cause of mortality in cancer patiengelt et

al., 2005, Langley and Fidler, 200Dancer cells favour metastasis to bone tissue for
70-80% of advanced breast cancer pati¢@tdeman and Rubens, 1987, Plunkett and
Rubens, 1999)which leads to either bone destruction (osteolysis) or to tissue
formation by a process known as osteoblastic metagtdsisdy, 2002, Clines and
Guise, 2005, Kozlow and Guise, 2005)etastatic invasion of the skeletal
environment leads to severe pain, increased fracture risk, nerve compression and
hypercalcemigClines and Guise,@®5, Kozlow and Guise, 2005n healthy bone

the coordinated activities of osteocytes, osteoblasts, and osteoclasts govern bone tissue
structure and composition, and ensure a constant remodelling process in response to
mechanical cues due to skeletadimay (McNamara, 2010, Mellon and Tanner, 2012)
Paget d6s 0 Se e d1820)sufgeStothat cdncer delks migrgte to bone tissue
due to its easily manipulated remdde) process and attractive physical properties.
Tumour cells first arrive within the bone marrow extracellular matrix (ECM), a

mechanosensitive tissue that houses osteoblasts and osteoclasts and a source of
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mechanobiological cues for regular bone remaugl{Lynch et al., 202Q)before

tumour cells ultimately adhere to the bone tissue su(féveng et al., 2013, Allocca

et al., 2019)During bone metastasis, invaditumour cells disrupt the normal bone
remodelling process over time by releasing growth factors, most notably PTHrP. This
growth factor activates osteoclasts to collaborate and resorb the bone matrix, in turn
releasing chemotactic stimuli and additiogat o wt h f ac t>)(¥eneda & GF b,
al., 1994, Guise, 2002, Kumar and Weaver, 20@pwth factors and cytokines,

stored within the ECM and released upon resorption, are key attractants for invading
breast caner cells, and facilitate further tumour cell proliferatiprioneda et al.,

1994) This process of tumour cell proliferation, osteoclast resorption and osteoblastic
metastasis is thereby per pé¢dinesaanced@uisd, n a ¢
2005)

To understand fracture susceptibility following metastasis, bone micenéatnt
analysis(including bone density, morphology and homogene#tgyl mechanical
assessment have been conducted to characterisdissmrefrompatientswith bone
metastasegKaneko et al., 2003, Nazarian et al., 2009)cro-CT analyses of the
femoral diaphysis of patients with mixed cancer metastases (lung, breast, prostate, 53
78 years oldyevealed significantly decreased mean BMD in cadaveric cortical bone
in patients with metastas@saneko et al., 2003Mechanical tests were performed on
patient cortical bone samples with metastatic lesions and compared to-fcaacer
bone regiongKaneko et al., 2003)which revealed significantlyolw e r Youngos
modulus, yield strength and ultimate strength under compression, as well as lower
Youngds modulus under tension. These fir
increased cortical bone ductiljtpneasured as the strain from yield to ultimaitife,
as osteolysis progressg&aneko et al., 2003)n a follow on study of distal femora of
human metastatic patients (88 years old), no differences were reported in bone
density or Young6s modul us between grourg
numbers and large matatic variation(Kaneko et al., 2004)A later study analysed
bone cores of metastatic male and female patient bone tissue (lung, breast, prostate,
ovarian, colon, 3@3 years old), sourced from proximal femurs and vertebrae either
at surgery for fracture treaent or autopsy, and compared to-sitatched cadaveric
bone tissue of cancéree patients(Nazarian et al.,, 2008)This study found

significantly lower bone mineral content (by mietd analysis), decreased weig
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average gray levels (via backscatter emission, BSE), decreased compressive yield
strength, and also decreased Youngdés mod:
in metastatic bone tissue compared to healthy san{plagarian et al., 2008)

Although these studies established that osteolytic cancer metastasis is associated with

a decrease in human bone mineral content and mechanical properties, it remains that
patient variation arises due to differences in, agaent of metastasis, underlying
conditions (e.g. osteoporosis) and treatment regimens (e.g. chemotli{¥epgj al.,

2020) Such variability has limited a comprehensive understanding of changes in bone

tissue during metastasis.

Preclinical animal models have enabled the study of changes in tswe
composition and nanoscale mechanical (rar@chanical) properties after metastasis
by breast cancer cells. Three weeks following intracardiac inoculation of HelLa
cervical cancer cells in female athymic rnu/rnu rats (&eeks old) trabecular
vertebral bone tissue presented osteolytic bone lesions of decreased crystallinity,
crystal size and collagen quality as detected by Raman Spectrq&uge et al.,
2016) Notably, High performance Liquid Chromatography (HPLC) analysis revealed
a significant increase in advanced glycation endlypeco (AGE) collagen crosslink
pentosidine compared to healthy controls, previously associated with increased risk of
fracture failure. A similar study also found decreased crystal wistinke et al.,
2017) wherea another showed decreased bone mineral density, trabecular thickness,
number and bone volume in rat vertebral bone tissue using-@icemalysis (7.4um),

3 weeks posintracardiac inoculation of HelLa cel({8urke et al., 2018)Another
animal study directly injected MDMD-231 derived F10 breast cancer cells into the
intercondylar fossaf the right femurs of 8veekold female NCr nude mice and
compared to the left femurs ofethe animals receiving SHAM injections of culture
medium as internal contro(grrington et al., 2006)This study reported osteolytic
lesions in 58% of animals by 3 weeks post tumour injection via radiographgobut
significant differences in bone strength via whole bone torsion testing were reported,
whereas duagnergy Xray absorptiometry (DEXA) measurements of areal BMD had
significantly increased in both contralateral femora (internal controls) and tumour
injected femora by 3 week@rrington et al., 2006)By 6 weeks tumouinjected
femora with osetolytic lesions had significantly lower areal BMD compared to those
with no detectable lesions and to controls. Meanwhdeg stiffness had significantly
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decreased in tumour injected femora, both with or without lesions, compared to
contralateral femurs, and most animals did not reach the 9 week time point due to high
risk of fracture(Arrington et al., 2006)In a later studyosteolytic destruction was
visible within 3 weeks after direct innocculation of MEMD-231 cells into distal
femora of nude NCr mice, yet no changes in BMD were detected ¢@iCret 12um
resolution) but by 6 eeks postnjection there was a significant reduction in BMD
compared to contralateral limbs that did not receive injec{idrisgton et al., 2008)

A similar study involved reconstructing the tumdngaring anccontralateral mouse
tibiae in silico, using finite element analysis, which was subjectedpoir@ bend
testing (Mann et al., 2008)This study separated cohorts according to osteolysis
severity rather than time points. Interestingly, a strongeladion between bone
density and corresponding mechanical propsrivas found, specifically in bone
tissue stiffness and strength, and eations were greatest in micfT derived
densities as opposed to DEXA imagifidann et al., 2008)in another prelinical

study, distal tibiae weranalysedfrom athymic BALB/c mice (4 weeks old) after
intravenous injection with MDAVIB-231 breast cancer cells. By 32 days after
intravenous injection, both trabecular bone mineral content (via histomorphometry)
and cortical bone elastic modulus, determined by atomic force microscopy (AFM),
were significantly reduce(Richert et al., 2015Another stdy reported significantly
decreased dry nanoindentation modulus in femur diaphysis cortical bone samples by
14-days after intracardiac injection of osteolytic B16F10 melanoma cells into
C57BL/6 female micgSekita ¢ al., 2017) Interestingly, a comparative study of
young (6 weeks) and mature (16 weeks) nude BALB/c mice that received intracardiac
injections of MDAMB-231 cells, demonstrated that the rate of osteolytic lesion
development at 3 weeks was greatly inseghin young mouse bone expressing higher
rates of metabolic activitfpwang et al., 2015 recent animal study performed daily
intraperitoneal injections of MDAVIB-231 tumousconditioned media into nude
BALB/c mice for 3 weekgChiou et al., 2021 )while also introducing minerddinding

dyes green calcein (at day 13) and xylenol orange (day 20) into the bone marrow cavity
of the proximal tibiae. They reported an increased rate of bone mineral apposition in
the endosteal cortichlone tissue, adjacent to the growth plate, within 7 days of early
metastatic development, with no significant changes in rate of trabecular bone mineral

apposition(Chiou et al., 2021)Interestingly, micreCT analysis at 3 weeks of this
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study found significantly increased cortical and trabecular bone volume fraction and
thickness compared to heajtitontrols (Chiou et al., 2021)The above studies
characterise changes in bone mineral condect mechanical properties, and their
timeline, upon overt osteolytic destruction of the bone tissue microenvironment.
However, how these bone tissue material properties compare prior to and following
the development of breast cancer osteolytic lesionshat fully understood.
Furthermore, these animal studies involirestulation of cancer cells directly into the
femoral cavity or peripherally via intt@ardiac, intraperitoneal, or intravenous sites.
Such approaches only partially recapitulate the bremster metastatic process

vivo, as they do not capture cancer cell extravasation from the primary tumour and
homing to the bone environmefitretschmann et al., 2012)hich would dictate the
timing of adhesion and colonisation of theneoFurthermore, these studies involved
immunocompromised (athymic or nude) animal models, albeit that the immune
system may play an important role in tumidaone cellular interactions during the

metastatic proceg&retschmann and Welm, 2012)

One sudy investigated bone tissue after MBMB-231 breast cancer cells were
injected into the mammary fat pads of female BALB/c mice, and confirmed via
bioluminescent imaging that metastatic cells were present in the trabecular bone
region of the proximal tibe7 weeks poshoculation(He et al., 2017)Moreover, in
this study Xray scattering analysis revealed significantly rdftoHA crystals and
largearea Raman imaging demonstrated decreased mineral crystallinity, in the tibiae
of these mammarynoculated mice when compared to healthy controls at thisek
time point, which was proposed to indicate immature bone mitdeaét al., 2017)
Inoculation of triplenegative 4T1 cells into the mammary pad of BALB/c
immunocompetent mice results inimpary tumour formation within one week post
inoculation and has a reported 100% incidence of metastasis to bone #bageks
postinoculation, confirmed by H&E histological stainir{gelekakis et al., 1999,
Yoneda et al., 2000)This 4TEBALB/c mouse model recapitulates key steps of breast
cancer metastasis from a primary tumour site to bone, whereby breast cancer cells
which have intravasated into the capillary network subsequently extravasate to the
bone marrw niche to initiate colonisation and the metastatic profi¢sstschmann
and Welm, 2012, Allocca et al., 2019)his animal modehas enabled the study of
biochemical treatments such as kinase inhibitors (A776B@0P324, pitavastatin)
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for impeding the development of osteolytic lesions upon breast cancer metastasis
(Minami et al., 2017, Jiang et al.,, 2018, Wang et al., 20lH®wever, the time
dependant and spatial evolutiof bone tissue properties following primary tumour
development has not been fully characterised. In particular, the temporal changes in
bone physical properties between cancer cell extravasation and subsequent overt
osteolytic destruction have not yetepeinvestigated. These changes may alter the
tumouradjacent and netumourbearing mechanical environments of bone and
tumour cells over time, and might thereby play a role in perpetuating the cancer vicious

cycle and tumour invasiveness during breasteametastasis to bone.

The objective of this study was to investigate changes in bone mass and
microarchitecture, mineral content and namechanical properties of bone tissue that
arise upon breast cancer metastatic cell invasion, by f@i€ramaging ad
nanoindentation analysis of bone tissue from an immunocompetent BALB/c mouse
model inoculated with 4T1 breast cancer cells in the mammary fat pad, and relate these
findings to the temporal development and location of the primary tumour mass.

3.2 Methods

3.2.1 Animal Model
The current study utilises the 4BIALB/c animal model, both for its high metastatic

rate and its ability to recapitulate threvivo development of breast cancer metastasis
from a primary tumour site to borf&retschmann and Welm, 2012)his research

was conducted with approval from the Animal Care Research Ethics Committee
(ACREC) at the University of Galway, and the Health Products Regulatory Authority

(HPRA), the natioal authority for scientific animal protection in Ireland.

Female BALB/c immunocompetent mice (6 weeks old) were inoculated with 1 x
10° 4T1 murine breast cancer cells via direct injection into the surgically exposed right
4th inguinal mammary fat pad, te®n referred to as the metastatic ipsilateral side
(MET-IPS). These cells were previously transduced to express the luciferase gene, for
downstream bioluminescent imaging. Femurs were also collected from the
contralateral side (METCONTRA) to investigatand compare spatial changes in the

bone tissue of non tumoiearing femursThus, contralateral samples nseused to
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distinguish whether results are due to systemic metastatic development or potentially
as a result of the primary tumour being in the direcinity of the bone tissuel'he

mice were maintained under normal laboratory conditions with food and water
providedad libitum Healthy control models (CTRL) were sesstrain and age
matched, maintained under identical conditions but did not recesealations. The

first animal cohorts were euthanised at 3 weeks-iposulation (CTRL n =5, MET

IPS n =5, METCONTRA n = 5) and a second cohort had an endpoint of 6 weeks
postinoculation (CTRL n = 6, MEAIPS n =7, METCONTRA n = 7).The 3 week
timepoint was chosen because H&E staining confirmed metastatic tumour cell
presence in femur trabecular bone tissue just 19 days following inoculation of 4T1
breast cancer cells into the mammary fat pad of BALB/c ithiekekakis et al., 1999)
whereas 6 weeks was sufficient time for overt osteolytic lesions to dgyetapgton

et al., 2006, Mann et al., 2008, Wang et al., 2015, Chiou et al.,.Zl2igugh all left

and right Emurs of each control mouse were available for analysis (n = 12), a large
sample size in the control group would exaggerate tendency to reject the null
hypothesegFaber and Fonseca, 24). Therefore, control sample sizes similar to
metastatic sample sizes were analysed. Bioluminescent imaging was performed at the
conclusion of the 6 week cohort study to visualise disease progression. Animals
received an intraperitoneal injection oflbci f erin (150 mg/ kg), s
Dul beccobdés Modi fied Phosphate Buffered S:
inhalation anaesthesia-206 isoflurane) using an IVIS® Lumina LT (Perkin Elmer,
USA). All femurs were harvested, muscle and tendohtssfues removed, wrapped

in PBSsoaked gauze and stored2t0 e C .

3.2.2 Micro-Computed Tomography
Micro-computed tomography (mici@T) is a rapid, nofmlestructive analytical

technique used for detailed quantification of bone mineral density throughoenchos
volumes of interest (VOIs), and incorporates the use of hydroxyapatite phantoms to
allow for analysis of bone tissue mineralisat{Bouxsein et al., 20105amples were

t hawed overnight at 4¢eC, placed in 9 mn
phosphate buffered saline (PBS) at room temperature in a static, upright position

during the imaging process. Two separate VOIs, at the proximal and distal metaphysis,
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were scanned to investigate cortical and trabecular bone mineral at loca@wasd

far from the tumour site. The proximal VOI was defined as spanning from the most
proximal point of the femoral head to 4mm in the distal direction. The distal VOI was
chosen 0.25mm from the distal growth plate, to avoid mineral variation effects in that
region, and spanned 2mm in length along the femoral shaft in the proximal direction.
Quality calibrations were conducted weekly, which involved scanning a phantom of
known mineral densities (0, 100, 200, 400, 800 mgHA)ciBcans were taken at a
voxel s B sutableforddeetimg changes in mouse femur trabecular thickness
(40-60um). The following parameters were applied: 70kVp peakytube voltage,

57uA tube curent, 900ms integration time, frame averaging of 5, 0.8 Gaussian filter
and Support value of 1, Scanco Medial pCT100. A 0.5 ml aluminium filter was used
to reduce the effects of beam hardenargfacts and a trinomial beam hardening
correction was appléeduring reconstruction of the uCT sca@sie MET femur from

the 3 week cohort was scanned with varied parameters for optimal scan quality and
reduced noisé global density threshold of 513.7 mg HAR(000 HU) captured

both cortical and trabecular tissuwhile eliminating soft tissues such as tendon or
muscle fibergRavoori et al., 2010)A single global threshold value for all regions of
interest was applied to eliminate compounding fac{Bauxsein et al., 2010)in
sample scans where femoral bone features (femoral head, greater and lesser
trochanters) were entirely absent, only scans where bone tissue was present were
analysed. Cortical bone outlines were isolated using Scanco M@di®4a) integrated
automated algorithms, while the trabecular region was manually delineated as
standardBouxsein et al., 201@igure3.1Bi 1D), maintaining approximale50um

of space between the contour line and cortical bone internal edge. VOIs were
reconstructed as 3D models and evaluation scripts, developed by Scanco Medical and
generated using Image Processing Language (IPL), were applied to determine
mineralisatimm parameters. Bone volume fraction (BV/TV), cortical and trabecular
thickness (Ct.Th, Th.Th), trabecular number (Tb.N) and trabecular separation (Th.Sp)
are indicators of bone loss and decreased vascularigZedoun et al., 2019)IPL

was also used to determine mineral density ranges below, above and betweé&h the 25
and 7% percentiles (Mw, Mnigh, Mmed, the most frequent mineral density value
(Mmodd, the Structue Model Index (SMI), which indicates trabecular shape (value

range from O = flat plate, to 3 = cylindrical), and a heterogeneity indicator based on
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the full width at half maximum (FWHM) of the bone mineral density distribution
(BMDD) curve, seeFigure 3.1E. Weighted mean bone mineral densitymM),
defined as the average density value weighed according to frequency, was calculated
using the following equatio(Roschger etla . , 2008, OO0 Sywhich van e
was initially developed for quantitative backscatter emission imaglnéfoni et al.,
2007)and adapted for mic¥r@T anlaysis
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Figure 3.1 Sequence of sample analyses of a single BALB/c mouse fen(&)
Scout view prior to micCT scanning, (B) single distal femur greywalmicreCT
scan, with (C) cortical and (D) trabecular bone region contours isolated and evaluated
to generate each (E) bone mineral density distribution (BMDD) curve, includiag M
Mmed, Mni, FWHM, Mmode and Mnean parameters of bone mineralisation. f@mur
sample, sectioned with a low speed saw and (G) covered in epoxy resin which is then
(H) smooth polished to expose cortical and trabecular surface regions in preparation
for (J) nanoindentation, using Oliver and Pharr equatjb@92b)tests into the bone
surface (inset) used to calculate nanechanical properties.
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3.2.3 Nanoindentation
Nanoscale mechanical testingas performed to evaluate the effect of metastatic

invasion and tumour presence on cortical and trabecular bone tissue elastic modulus
and hardness, and this approach is widely used in human and murine (ftaiokest

al., 2006, Tang et al., 2007, Nazarian et al., 2008, Burke et al., 2017, Sekita et al.,
2017) Immediately following micreCT scanning, femurs were sectioned in half,
using a low speed saw (Buehler, Germany) and centrifuged to eject bone marrow
(Amend et al., 2016pefore dehydratingy ascending concentrations of gbidiluted
pure ethanol (50%, 70%, 80%, 90%, 100 %,
were embedded in a 2:1 ratio mixture of Epothin 2 epoxy resin and hardener (Buehler,
Germany), vacuumed to eliminate trapped air and allowed to harden at room
tempeature over 72 hrsHgure 3.1F, Figure 3.1G). Embedded samples (Buehler)
were polished with diamond suspensions (9um, 3pm, 1pm, 0.05um) to expose
proximal and distal femunalves for indentation testing in the transverse direction
(Figure3.1H). All mechanical testing of samples was performed within 2 months of
the embedding process to avoid the lbeign impact of epoxy resin ondmane
mechanical properties of bone tissue under nanoindeni@fitina et al., 2006) A
nanoindenter (G200, Keysight Technologies, USA), equipped with an Accutip
Berkovich diamond indenter (ISO1518) was used for testing, with calibration
performed on a standard fused silica sample (Corning T0&B3}ablish a relationship
between the contact area and indenter depth. For each sample region of interest, at
least 10 dry nanoindentation tests (and a maximum of 16 indents) were performed and
averaged for cortical bone surfaces, and separately indemedaveraged for
trabecular bone surfaces. Cortical regions were indented with equidistant spacing of
40um to avoid interference, while trabecular locations were manually selected more
than 50um from each indent and at least 10um from the trabeculatcedgeid any
influence of surrounding epoxy reqiRho et al., 1997, Hay et al., 200Qpcations

for proximal and distal region testing were selected for sufficient surface area to
consistently perform at least iffidents per bone region, while allowing for adequate
spacing between indents and the epoxy resin barrier. To consider potential differences
in areas near to osteolytic tumour involvement, tisgsae irderted in the proximal
subregion of interest on the edial (tumour) side of the femoral neck. To consider

areas not adjacent to tumour tissue, a distal region on the medial side was studied, and
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both tumou+tbearing and notumourbearing femurs analysed. Acycle loading
regime, at 10nm/s loading rate andximum load of 15mN, was appliegigure3.1J).
A peak hold time of 30s was included in each cycle and environmental conditions
were accounted for by performing these tests within a sealed chamber. Thermal drift
effect was reduced in two ways: a) Test initiation was delayed until this measurement
reached 0.1nm/s or lower and b) the indenter was unloaded to 10% load (1.5mN) and
t her mal dri ft recorded for 90s, then Yo
adjusted acordingly (Nanosuite software, Keysight Technologies, USA).
Nanoindentation equations demonstrated by Oliver and PH2®2b)were used to
first determine contact stiffnesS, as the slope of the final unloading curve of each 5
cycle test, using:

'Q_G (3.2)

QQ
where maximum loadP, reached indentation depth, Substituting in the above

contact stiffness and applying projected contact #&gaduced moduluE; is given

by:

o n vy
) (3-3)
With known vd u e s of Berkovich indenter Young
Poissonbds ratio (0.07), a Poissonb6s rati ¢

standard(Silva et al., 2004, Miller et al., 2007, Tang etal., 208Ah d t he Young
modulusE of the indented bone tissue was calculateder the assumption that the
bone tissue is locally anisotropiEquation 3). Finally, bone tissue contact hardness

was quantified (Equation 4).

, . P p U (3.4)
OPUET

;
o (3.5)

3.2.4 Statistical Analysis
Statistical analyses were performed using MiniTab (version 17) software with femur

samples analysed from each group (CTRL, MBS, MET-CONTRA) from ech
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cohort (3 weeks, 6 weeks). Each parameter was confirmed for normal distribution in

these groups (Kolmogore8mirnov test) and assessed for equal variance (F test).
Student {tests were implemented to determine whether averaged data was statistically
sgni ficant between groups of equal wvariar
groups had unequal wvariance. Stedtand t i c al
were not rejected due to rarity and the natural variation expected in results between
individual mouse bone geometries. The results are displayed as mean + standard
deviation, with significance defined as a p value of < 0.05, and greater significance (p
<0.01, p <0.001) also indicated.
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3.3 Results

3.3.1 Primary Tumour Development and Disease Burde
At 3 weeks posinoculation of 4T1 breast cancer cells into the mammary fat pad

animal models presented with mammary tumours, visible with theided eye as
subcutaneous protrusions formed within 1 cm of the femoral head, and continued to
grow up to Bweeks. The volume of these tumours was 0.328 + 0.0%4@crie cohort
euthanised at 3 weeks and increased significantly to 0.515 + 0.9@6crthose
euthanised at 6 weeks (p = 0.00Big(ire3.2C) and all masses atveeks expressed
luciferase visualised using IVIS imaging. For both cohorts, heavy disease burden was
evident whereby softer organs, including the lungs, reported to contain circulating
tumour cells in all disease animal models, indicating the initiaticdheo metastatic
phase Figure 3.2A). However, no overt osteolytic lesions were detectable using
micro-CT scanning in the-8/eek cohortltigure3.3A 1 3.3F). While all bone mineral
density peaks resided within the 1000500 mg/cm HA range, greater distributions

of low mineral density range were seen prominent in the proximal femur cortical range
compared to all other regions ($&gure3.3G). During sample collection, it was noted
tumour masses remained outside the femoral head and were not in direct contact with

bone tissue.
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Figure 3.2: Tumour development and osteolytic destruction(A) IVIS scan of
BALB/c mouse, with 4T1 breast cancer cells populating greatest in regions
highlighted in red according to the coloured contour. (B) Scout views of whole femurs
from each disease group ate®d 6weeks postnoculation of 4T1 breast cancer cells,
including rightsided controls, with volumes of interest indicated (red boxes). (C)
Measured tumour volumes at 3 weeks and 6 weeksipastlation (D) Two 3D
reconstructions of METIPS proximal femurs at 6 weeks pasbculation, with
metastatic osteolytidestruction indicated (red arrows), scalebars 1mm.
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Figure 3.3: BALB/c disease and control mouse femurs at 3 weeks pest
inoculation. 3D reconstructions of (A,C,E) proximal VOIs and (B,D,F) distal VOlIs
of a femur from each disease group, with contour isolation of (left) cortical and (right)
trabecular bone regions. {& Bone mineral density distribution (BMDD) curves in
proximal and distal, cortical and trabecular regions of interest in BALB/c mouse femu
VOls at 3 weeks poshoculation (CTRLn =7, METPS n =5, MEFCONTRA n =
5).
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3.3.2 Osteolysis and bone loss (3 weeks postulation):
After 3 weeks of 4T1 primary breast cancer development, ridr@analysis of the

BALB/c mouse femurs revealed thatert osteolysis had not yet been established and
there was no significant difference in bone tissue area fraction (Ct.Ar/Tt.Ar) or volume
fraction (BV/TV) in proximal or distal regions of MEIPS and METCONTRA
femora, when compared to healthy mouse fen{@mRL), seeFigure 3.4A, Figure

3.4B. However, trabecular thickness (Tb.Th) was significantly lower in the proximal
femur regions of MEAIPS samples (0.059 + 0.002mm) compared to CTIR062 +
0.002mm, p = 0.024Hgure3.4C, 3.4D). In the distal femur regions, Th.Th was also
significantly lower both in METIPS (0.044 £ 0.001mm) and METONTRA (0.044

+ 0.001mm) compared to CTRL samples (0.046 @0Pmm) (p<0.05)Despite
changes in trabecular thicknessjerall bone volume (BV) andpacing between
trabeculae (Th.Sp) did not differ significantly between groups at this early time point
(seeTable3.1).

75



Chapter3

A ¥ CTRL B ¥ CTRL
0.80 1 ¢ MET-IPS 0.25- ® MET-IPS
v N - ® MET-CONTRA ® MET-CONTRA
L]
0.75- T_{T%% % I 020{
i£ 0704 poas{ |~ 7
= = -
< 0.104 & 0.10 °
b4 £
o
0.054 0.05 1
0.00 T T 0.00 T T
Proximal Distal Proximal Distal
¥ CTRL D ¥ CTRL
0.20 4 * ¢ MET-IPS 0.08 - . . ¢ MET-IPS
® MET- T ® MET-CONTRA
Ll
__0.151 o> , E_n.os- 'i'ﬁ'%%
E
3 E o
= 0.10- £ 0.04- bt
= =
= g
[}
0.05 " 0.024
0.00 T T 0.00 T T
Proximal Distal Proximal Distal
E ¥ CTRL F ¥ CTRL
* o
1300 o @ mg-"’s E 1300 .  MET-IPS
E * ® MET- @ MET-CONTRA
— x V. %oﬁ‘ -
< 12001 £ 1200+
[=2]
=2 £
£ 1100 = 1100] [ E=E
H] - b -
é 200 =5 2001
= k]
B 100 5 1001
+= Q
S o : 8 o : '
Proximal Distal - Proximal Distal
G Cortical bone ¥ cTRL H Trabhecular bone ¥ cTRL
25+ ¢ MET-IPS . 257 © MET-IPS
o @® MET-CONTRA E @® MET-CONTRA
b0l < . G 20- .
g Bt v =g E hd 3
5 15- l i % 151 v
2 : 2 )
: 10- »
[=2]
£ s 5 59
o o
> >
0 T T 0 T T
Proximal Distal Proximal Distal
. 1.0- v CTRL K 1.0 ¥ CTRL
. @ MET-IPS ] ¢ MET-IPS
i ® @ MET-CONTRA * @ MET-CONTRA
Eu.s- v EU-S'
Sl T | & i
=~ 0.6 =06 cfae
w Tay | oxo I "] L
[ EE(E] | [T - “
T g
Toz2 =
0.0 , . 0.0 r .
Proximal Distal Proximal Distal

Figure 3.4. Mean parameters acquired from analyses of BALB/c mouse
femurs 3 weeks postnoculation. (A-F) Bone area fraction (Ct. Ar/Tt.Ar), bone
volume fraction (BV/TV) cortical tissue thickness (Ct.Th), trabecular tissakrnéss
(Tb.Th), and mean mineral density (b values acquired from micfGT and
BMDD analysis of proximal and distal VOIs in delineated cortical and trabecular bone
regions. (G, H) Young's modulus and (J, K) hardness of cortical and trabecular bone

76



Chapter3

tissue, obtained from nanoindentation tests in each bone region (CTRLn =7, IPSn =
5, CONTRA n = 5). # Outlier, *p<0.05, **p<0.01.

3.3.3 Early changes in bone mineralisation in the proximal femur (3 weeks
postinoculation):

Bone mineral density distribution (BIVD) evaluations were conducted on micro
CT data from each animal after 3 weekgy(ire3.3G-3.3K). No significant difference
in mineral distribution Miow, Mnigh, Mmed), or homogeneity (FWHM) were detected
between disese groups (METIPS and METCONTRA) in proximal femora when
compared to healthy controls at 3 weeks, Balgle 3.1, Figure3.3. In the proximal
femur, local to the primary tumour, cortical amdbecular weighted mean density
(Mmean) Were significantly higher in METTPS and METCONTRA samples compared
to CTRL femurs Figure 3.4E, 3.4F). While no differencdsa trabecular bone mode
mineral density (Modd Were detected between MEFPS and CTRL proximal femurs
(p = 0.239), the METCONTRA samples were significantly higher inmbde(1197.19
+ 14.10 mg HA/cr) when compared to CTRL samples (1177.78 + 4.33 mg HA/cm
p<0.05) Table3.1).
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Table 3.1: Boneparameters, measured via mi€d imaging, ofhealthy and disease mouse femurs 3 weeksipostilation (mean + standard deviation) (CTRL n
=7, MET-IPS n =5, METCONTRA n = 5) *p<0.05, *p<@1, **p<0.001 relative to CTRL.

Proximal Femur Distal Femur
Cortical bone Units CTRL MET -IPS MET -CONTRA CTRL MET -IPS MET -CONTRA
Tt. Ar mn? 1.39 + 0.06 1.48 + 0.07 1.41 +0.14 0.55 +0.03 0.55 +0.03 0.58 £ 0.04
Ct. Ar mn? 1.05 + 0.05 1.11 + 0.06 1.07 +0.11 0.42 +0.02 0.42 +0.02 0.44 +0.03
CtAr/Tt.Ar i 0.75 + 0.02 0.75+0.01 0.76 £ 0.01 0.76 £ 0.02 0.77 £0.01 0.76 £ 0.02
Ct.Th mm 0.1530 + 0.003 0.1559 + 0.005 0.1575 + 0.01 0.1332 + 0.008 0.1434 + 0.006* 0.1424 + 0.006
M mean mg HA/cn?  1137.21 +5.94 1152.44 + 12.49* 1149.41 + 9.50* 1216.93 +12.10 1245.9 + 12.09** 1234.07 + 9.64*
M mode mg HA/cn?  1223.41 + 6.40 1234.12 + 13.93 1228.67 + 12.48 1268.17 + 10.38 1284.68 + 7.23* 1284.28 + 10.40*
M low % 4.17 +1.00 3.04 +£0.85 2.74 +1.09 0.42+0.11 0.37 £0.10 0.36 £ 0.07
M medium % 89.01 + 5.58 86.23 +6.79 84.57 +5.80 90.38 + 7.81 92.29+7.79 95.20 + 3.68
M high % 6.82 +6.19 10.73 £ 7.40 12.69 + 6.15 9.20 +7.88 7.34 +7.86 443 +3.71
FWHM mg HA/cn?  253.64 + 21.87 238.49 + 9.86 24269 + 17.86 196.52 + 8.93 191.01 + 12.05 199.28 + 14.33
Trabecular bone
v mmne 2.76 +0.18 2.92+0.18 2.84 +0.19 2.60 £ 0.15 2.64 +0.14 2.71+0.24
BV mm? 0.48 + 0.04 0.52 + 0.06 0.54 + 0.06 0.39 + 0.06 0.37 +£0.09 0.40 +0.10
BVITV i 0.18 £ 0.02 0.18 £ 0.02 0.19 +0.02 0.15 + 0.02 0.14 +0.03 0.14 + 0.03
M mean mg HA/cn? 1122.97 +7.30 1137.80 + 9.65* 1132.10 + 13.92 1173.73+7.39 1195.8 + 12.15* 1184.75 + 8.82
M mode mg HA/cn?  1177.78 £5.25 1189.43 + 21.60 1197.19 + 14.10* 1201.2 +10.31 1224.24 + 5.65** 1218.27 + 16.92
Conn.D. mg HA/cn?  102.72 + 15.35 118.35 + 12.52 122.64 +11.88 230.52 + 27.02 217.19 + 40.76 228.24 + 47.58
SMI i 0.70 +0.12 0.68 +0.10 0.57 +0.12 1.44 +0.15 1.57 £0.32 1.44 +0.27
Tb.N 1/mm 2.42 +0.24 248 £0.16 2.59 +0.15 4.04+0.24 4.11+0.44 4.19+0.42
Tb.Th mm 0.0619 + 0.002 0.0591 + 0.002 * 0.0619 + 0.003 0.0462 + 0.002 0.0436 + 0.001* 0.0437 + 0.001*
Tb.Sp mm 0.438 + 0.05 0.419 +0.03 0.410 + 0.02 0.239 £ 0.02 0.234 +0.03 0.231 +0.03
M low % 1.03+1.25 0.43+0.16 0.50 £ 0.31 0.22 +0.12 0.19 + 0.08 0.38+0.31
M medium % 93.01 + 3.18 90.99 + 5.59 92.37 +3.02 96.40 + 2.69 95.95 + 1.72 94.66 + 6.10
M high % 5.96 + 3.88 8.58 +5.71 7.09 +3.19 3.37+2.75 3.87+1.76 4.96 +6.26
FWHM mg HA/cn?  258.14 + 50.24 241.51 +29.13 245.07 +20.30 249.65 + 32.47 251.34 + 17.63 261.82 +29.01
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3.3.4 Early changes in bone mineralisation and increased cortical thickness in the
distal femurs (3 weeks pasgtoculation):

From micreCT analyses of the disttdmurs at 3 weeks, no significant difference in mineral
distribution Miow, Mhigh, Mmed), Or homogeneity (FWHM) were detected between disease
groups (METFIPS and METCONTRA) compared to healthy CTRL samples, $able 3.1.
Cortical bone Mhean and Mnode Were significantly higher in both the MEPS and MET
CONTRA disease groups when compared to CTRL gréaplé3.1). Similarly, in the distal
trabecular region, Meanand Mnodewere significantly higher ithe MET-IPS group compared
to CTRL samples (p<0.05, p<0.001Japle 3.1). Interestingly, though not statistically
significant, a trend of increasingnunin distal trabecular METCONTRA samples (1184.75
+ 8.82 mg HA/cr) is notalbe when compared to CTRL samples (1173.72 + 7.39 mg Hi)/cm
(p = 0.058). Distal femur Ct.Th was also significantly higher in ME$ samples (0.143 +
0.006mm) when compared to CTRL samples (0.133 + 0.008mm).

3.3.5 Cortical bone stiffness reduced in distal ipsiéaal femurs compared to
contralateral side (3 weeks pestoculation):
At 3 weeks, in the distal region, MBPS femora trabecular bone had significantly higher

Young's modulus (16.88 + 0.55 GPa) when compared to-RMBNTRA femurs (14.67 £ 0.76

GPa, p = 02) Figure3.4H) but did not differ compared to CTRL (15.94 £ 1.75 GPa, p =
0.219). Aside from this result, no differences were seen in Young's modulus or hardness values
in any other regions analysed at 3 wedlkab({e 3.2, Figure3.4G, 3.4J, 3.4K).
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Table 3.2: Young's modulus and hardness (mean + standard deviation) at 3 weeksjgotisih of breat cancer cells, obtained from
nanoindentation mechanical tests in each region and bone tissue type of each femur. Includes mean + standard deviatior? (STERUPS
n =5, METCONTRA n = 5)A p<0.01, relative to METPS.

Proximal Femur Distal Femur
Cortical Bone CTRL MET-IPS MET-CONTRA CTRL MET-IPS MET-CONTRA
Young's modulus (GPa) 17.23+2.71 15.92+0.32 15.66 + 3.29 1795+ 1.39 16.96 + 0.76 18.18 + 0.95
Hardness (GPa) 0.58+0.10 0.54+0.03 0.57 +£0.18 0.60 + 0.04 0.55+0.03 0.65x+0.14
Trabecular Bone
Young's modulus (GPa) 1488 +1.80 16.20+1.32 1499+ 2.56 1594 +1.75 16.88 £ 0.55 14.67 N
Hardness (GPa) 0.52+0.05 057+0.06 0.66+0.14 0.52 £ 0.06 0.60 £ 0.05 0.60 + 0.04
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3.3.6 Cortical and trabecular bor loss occurred throughout disease mouse femora
(6 weeks posinoculation):
At 6 weeks posinoculation, all METFIPS and METCONTRA femurs formed osteolytic

lesions in the greater trochanter, visible from 3D reconstructions of 4@iErscans Figure
3.5C, 3.5E). In 3 of 7 METIPS femur samples, the femoral head was entirely absent, with two
of these samples also missing the femoral neck, while lesser and third trochanter bone tissue
remainedigure3.2D). In the METFCONTRA samples, 3 whole proximal regions were absent
from femurs upon extraction. The working number of analysed {@ENTRA femurs was
therefore reduced to n = Bone mineral density distributions rangesnsisently peaked
between1000 to 1500 mg/crhHA in all groups Figure3.5G i Figure3.5K). The proximal
femur cortical bone region showed all bone samples had a considerabiyyqoiatissue in

the low mineral densityange (5000 1000 mg/cr) compared to other regiorfseeFigure
3.5G), as was seen above at 3 weeks-pustulation All diaphysis and distal femur regions
remained intactCortical bone area fraction (Ct.Ar/Tt.Ar) in the proximal femur, local to the
tumour mass, was significantly lower in MEFS group (0.75 = 0.04, p<0.01) and MET
CONTRA group (0.79 + 0.01mim p<0.05) compared to the CTRL group (0.81 + 0.004)
(Figure3.6A). Similarly, Ct.Th in this proximal region was significantly lower in the MET
IPS group (0.15 = 0.01mm) and MEJONTRA femurs (0.16 £ 0.11, p<0.05) compared to the
CTRL group (0.17 = 0.004mm, p = 0.00Ejdure3.6C).
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Figure 3.5: BALB/c disease and control mouse femurs at 6 weeks péasbculation. 3D
reconstructions of (A,C,E) proximal VOIs and (B,D,F) distal VOIs of a femur frorh eac
disease group, with contour isolation of (left) cortical and (right) trabecular bone regiens. (G
K) Bone mineral density distribution (BMDD) curves in proximal and distal, cortical and
trabecular regions of interest in BALB/c mouse femur VOlIs at 3 waeekisnoculation (CTRL
n=6, METIPS n=7, MEFCONTRA n = 4).
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Figure 3.6: Mean parameters acquired from analyses of BALB/c mouse femurs 6
weeks postinoculation. (A-F) Bone area fraction (Ct.Ar/Tt.Ar bone volume fraction
(BVITV) cortical tissue thickness (Ct.Th), trabecular tissue thickness (Th.Th) and mean
mineral density (Mean Values acquired from mictGT and BMDD analysis of proximal and
distal VOIs in delineated cortical and trabecular bagtons. (G, H) Young's modulus and (J,

K) hardness of cortical and trabecular bone tissue, obtained from nanoindentation tests in each
region (CTRL n = 6, METIPS n = 7, MEFTCONTRA n = 4).# Outlier, *p<0.05, **p<0.01,
***n<0.001.

In the proximal femutrabecular region, BV/TVRigure 3.6B) was significantly lower in
the MET-IPS group (9.35 £ 2.0%) and METONTRA group (11.56 + 1.03%) compared to
CTRL regions (14.22 £ 0.74%) (p = 0.000, p<0.05) at 6 weeksipostilaion. Furthermore,
Mmode Was significantly lower (p<0.05), and heterogeneity (FWHM) significantly higher
(p<0.001), in METIPS proximal trabecular femurs compared to CTRL resilablé 3.3).
Interestingly, proximafemur trabecular bone Manwas found to be lower in both METPS
(1127.67 + 17.65 mg HA/cth and MEFCONTRA bone mineral (1133.22 + 11.97 mg
HA/cm?®) compared to CTRL (1177.53 + 9.89 mg HAfmp = 0.000, p = 0.001), s€eégure
3.6F. In the proximal femur region, Tb.Th was significantly lower in both the NEES group
(0.045 £ 0.004mm) and METONTRA group (0.051 = 0.002mm) compared to CTRL group
(0.061 + 0.001mm) (p = 0.000, p = 0.000). Notably, proximal femuitwas also
significantly lower in the METIPS femurs (0.045 £+ 0.004mm) compared to MEONTRA
femurs from these same disease animals (0.051 = 0.002mm) (p <®i@He3.6D). As
expected, trabecular spacing (Tb.Spsweagnificantly higher irthe MET-IPS (0.29 + 0.07
mm) distal regions compared to healthy CTRamplesupon osteolysig0.24 + 0.01L mm,
p<0.05)(seeTable3.1).
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Table 3.3 Boneparaméers, measured via micO©T imaging,of healthy and disease mouse femurs 6 weeksipostilation (mean * standard deviation) (CTRL n
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=6, MET-IPSn=7, METCONTRA n = 4) *p<0. 05, **p<0.01, ***p<0.00UPSr el ati ve to C
Proximal Femur Distal Femur

Cortical bone Units CTRL MET -IPS MET -CONTRA CTRL MET -IPS MET -CONTRA
Tt.Ar mny 1.59 +0.06 1.24 + 0.28* 1.44 + 0.08* 0.58 +0.02 0.51 + 0.04** 0.50 + 0.02**
Ct.Ar mn? 1.29 £0.05 0.94 £ 0.23* 1.13 £ 0.07* 0.48 £ 0.02 0.39 + 0.05** 0.39 £ 0.02**
Ct.Ar/Tt.Ar T 0.81 + 0.004 0.75 = 0.04** 0.79 £ 0.01* 0.83+0.01 0.77 £ 0.03** 0.77 £ 0.01**
Ct.Th mm 0.1723 £ 0.004 0.1523 + 0.010** 0.1565 + 0.011* 0.1650 + 0.011 0.1378 £ 0.014** 0.1344 + 0.003**
M mean mg HA/cn? 1187.52+ 9.76 1197.98 + 29.10 1174.16 + 10.27 1286.61 + 11.64 1287.77 +7.52 1290.73 £ 10.15
M mode mg HA/cn? 1276.29 + 6.99 1283.66 + 19.78 1277.79 + 3.92 1330.22 + 8.55 1331.17 + 8.47 1302.34 + 35.39
M low % 2.58 +0.45 220+1.41 3.00+£0.72 0.22 +0.06 0.22 £0.07 0.18 + 0.04
M medium % 88.16 + 2.19 83.25+6.21 83.26 + 6.47 76.04 + 15.15 80.00 + 17.46 65.12 + 17.44
M high % 9.41 +2.26 1454 +6.74 13.74+7.11 23.75+ 15.17 19.78 + 17.51 34.69+17.48
FWHM mg HA/cn? 233.87 £ 16.84 229.32 +9.06 226.9 + 16.65 19255+ 11.68 177.92 +12.35 185.66 + 15.29
Trabecular bone
TV mm? 3.57+0.15 4.35 + 0.46** 4.47 £ 0.20** 3.21 +0.06 3.74 £ 0.33** 3.68 £ 0.23**
BV mm? 0.51 +£0.03 0.41+0.11 0.52 +0.05 0.46 + 0.05 0.32 £ 0.07* 0.32 + 0.6*
BV/TV T 0.14 +£0.01 0.09 + 0.02** 0.12 £ 0.01* 0.14 +0.02 0.09 + 0.02**= 0.09 £ 0.01**
M mean mg HA/cn? 1177.53+9.89 1127.67 + 17.65*** 1133.22 + 11.97* 1215.72+4.2 1220.38 + 8.04 1236.51 N
M mode mg HA/cn? 1228.39 + 6.62 1209.63 + 14.05* 1224.16 + 16.46 1247.99 + 8.38 1257.21 + 8.83 1269.69 + 20.73
Conn.D. mg HA/cn? 64.28 £ 8.31 83.02 + 15.579 79.27 £9.17 140.75 + 13.59 135.35 + 40.75 141.63 + 34.90
SMI T 0.86 £0.03 1.38 £ 0.26*** 1.13 + 0.05** 1.48 +0.21 1.97£0.31 2.11 + 0.14**
Tbh.N 1/mm 2.14 +0.15 2.14 +0.13 2.29+0.29 3.86 +0.13 3.51 +0.57 3.71+0.31
Tb.Th mm 0.0611 £ 0.001 0.0454 + 0.004*** 0.0509 N C 0.0496+0.016 0.0393 + 0.002** 0.0402 + 0.001***
Th.Sp mm 0.49 £0.04 0.47 £0.03 0.45 + 0.06 0.24 +0.01 0.29 + 0.07* 0.26 £0.02
M low % 0.54+0.13 0.97 £ 0.46 1.18+1.23 0.15 + 0.06 0.12 +0.07 0.06 + 0.02*
M medium % 93.10 £5.62 93.49+254 88.80 + 5.30 94.73 + 2.69 88.86 + 9.69 78.81 £ 18.00
M high % 6.36 £5.73 5.54 +2.41 10.02 + 6.26 5.09 +2.75 11.01+9.74 23.38 + 16.14*
FWHM mg HA/cn? 253.36 + 24.77 341.28 + 41.26** 316.14 + 69.34 267.50 + 19.50 282.05 + 18.52 244.09 N
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In the distal femur cortical bone, Ct.Th and Ct.Ar/Tt.Ar were significantly lower in the-MET
IPS and METCONTRA graips compared to CTRL femursSigure3.6C). Similarly, in distal
femur trabecular regions, BV/TV and Th.Th were also significantly lower in the-NSTand
MET-CONTRA femurs compared to CTRIOgble 3.3). It is notable that distal trabecular
mineral heterogeneity (FWHM) was significantly higher in the MP® group (282.05 +
18.52 mg HA/cm) compared to the MECONTRA group (244.09 + 9.27 mg HA/Gm
p<0.01) but did not differ frodCTRL samples (267.5 + 19.5 mg HA/Znmp = 0.231).
Interestingly, low range trabecular bone mineral densityw)Mhad significantly decreased,
and high range bone mineral densitynih) had significantly increased, in METONTRA
samples compared to CTRamples at the 6 week time point, while no differences were seen
in these ranges between tumaudljacent METIPS and CTRL femurg={gure3.5K, Table3.3).

3.3.7 Nano-mechanical propeies lower in tumouradjacent femurs (6 weeks pest
inoculation):
At 6 weeks in the proximal region trabecular bone, Young's modulus in thelREEGroup

(15.21 + 2.30 GPa) was found to be significantly lower when compared to both CTRL femurs
(17.96 £ 1.17%GPa, p = 0.031) and to MECONTRA femurs (18.99 + 1.48 GPa, p = 0.026),
seeFigure 3.6H. In the distal region, mean Young's modulus was significantly lower in the
cortical bone of the MEAPS femurs (14.39 + 3.47 GPahen compared to MECONTRA

(18.92 £ 2.76 GPa, p<0.05igure3.6G) but did not differ from CTRL (17.77 + 1.75 GPa, p

= 0.698). No significant differences in bone hardness were detdgtpad3.6J, 6K) (Table

3.4).
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Table 3.4: Young's modulus and hardness (mean * standard deviation) 6 weelksopatition of 4T1 breast cancer cells, obtained from 10
nanoinderdtion mechanical tests in each region and bone tissue type of each femur. Includes mean + standard deviation (CTRL-HPS 6, MET

n=7,MEFCONTRA n = 4). *p<0.05, relatlP¥Ye to CTRL. Ap<0.05 relative
Proximal Femur Distal Femur

Cortical Bone CTRL MET -IPS MET -CONTRA CTRL MET -IPS MET -CONTRA

Young's modulus (GPa) 19.46 £1.20 17.61 £ 2.96 18.68 + 0.99 17.77 +1.75 14.39 + 3.47* 18.92 + 2.76*
Hardness (GPa) 0.74 £ 0.07 0.70£0.01 0.74 +0.08 0.74+0.05 0.67 +0.099 0.75+0.13
Trabecular Bone

Young's modulus (GPa) 1796 +1.17 15.21 +2.30* 18.99 N 1556 +2.31 1252 +3.47 14.37 + 0.59

Hardness (GPa) 0.73+0.05 0.67 £0.10 0.79+0.04 0.67 +£0.10 0.61 +0.10 0.63 +0.07
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3.4 Discussion

This study reveals temporalafmges in bone microarchitecture, mineral content and-nano
mechanical properties local and distal to breast cancer metastatic tumours indaced in
immunocompetent BALB/c mouse model inoculated with 4T1 breast cancer cells in the
mammary fat padThis is tte first study to directly compare changes in bone tissue material
properties upon breast cancer metastasis, both prior to and following the development of
osteolytic lesions using the same immune competent animal model. In addition, analyses were
conductedn two distinct proximal and distal regions in femurs of both turbmaring and
norrtumourbearing long bones within the same disease animals, allowing for a comprehensive
understanding of the impact of tumour presence on resulting changes in the lobaaioa
environment. Moreover, thanks to the mgstructive nature of micsf6@T, 3D bone mineral
content analysis and mechanical testing was conducted on the same femur samples, which is
not possible when utilising backscattered electron imaging (BSEaaran spectroscopy
methods. The results from this study reveal no overt osteolytic destruction by 3 weeks post
inoculation, but trabecular thinning and increased bone mineralisation suggest early
compensatory response to breast cancer metastatic invasioone tissue. Upon overt
osteolytic destruction at the later time point of 6 weeks, significant decreases in bone mineral
content and tissue properties occurred throughout both the ipsilateral and contralateral bones
of the metastatic animals. These réestgveal the timelependant and spatial nature of changes
in bone tissue, and specifically reveal that bone tissue composition is altered prior to the
development of overt metastatic osteolysis, local and distant from the primary tumour site.
Such changesbserved in this study may arise either as a result of tudeured growth
factors released upon the arrival of disseminated tumour cells, or might be a mechanobiological
mineralisation response by bone cells in regions of elevated strain, as discueted below.

Some limitations to this study require consideration. Firstly, skeletal responses to
metastatic invasion may differ in the mouse model from human patients due to biological,
anatomical, and musculoskeletal differences. However, mice iexBimilar bone
morphological changes during ageing to humg@hika and Sciences, 201and the 4T1
BALB/c mouse model consistently produces bone tissue metastasis aoidsusceptible to
the same degree of subject variation as arises in human studies. Secondly, only two time points
were chosen for this study and later time points were not included, because by 6 weeks overt
osteolysis was already established, and 9 wemistinoculation is reported to exceed the

humane endpoint of mouse metastatic models due to high risk of fracture, @etigenined
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from x-ray images, lameness or dramatic weight (8sgngton et al., 2006)Thirdly, because
methods required for histological analyses are destructive and impact bone pr{partieg

et al., 1995, Nazarian et al., 2009yIS scans were used to confirm tumour cell presence in
metastdt animals by 6 weeks in lieu of histology. However, mi€&®d imagingfrom the

current studyletected extensive osteolysis, providing further evidence of successful metastatic
invasion. Moreover, H&E staining has confirmed the presence of metastatic toetisun

femoral trabecular bone tissue at just 19 days in the same animal(ireldkékis et al., 1999)
Fourthly, dry nanoindentation was used in this study, which is reported to result in higher
Youngos s and kacwdhess (compared to hydrated samples in C57BL/6 mice tibiae)
(RodriguezFlorez et al., 2013)However, nanoindentation of dry bone tissue is suitable for
comparative studiegkho and Pharr, 19994s demonstrated in previous studies investigating
patient and animal model breast cancer metaqfidaizarian et al., 2008, Sekita et al., 2017)
Testing of hydrated samples is limited to within 45 minutes of removal from storage in
deionised water to avoid air drying effe¢®odriguezFlorez et al., 2013)which was not
feasible given time taken for thermal drift to reach equilibrium (~ddwr batch test)it is
important to note that all samples were tested dry, and so the differences reported between
groups are validWhile most femurs were harvested from the right anatomical side of the
mouse, two of five femurs in thevBeek control coha were collected from the left side.
However, studies have shown that bone geometry and tissue properties do not vary in female
tibiae of the same speci@dargolis et al., 2004, Vesper et al., 201a0d thus tts is unlikely

to have impacted FE resul&nally, tumour masses on one side of metastatic mouse anatomy
may cause asymmetric gait, whereby mice would offload the tutyeaning hindlimb and
increase weight on the contralateral limb out of discomfortsipbsaltering bone physical
properties in both femurs. While precise changes in limb loading throughout the animal study
had not been quantifiably measuren visible changes in mouse physical gait were noted
through daily observational checks on thesamails. It should be noted that femoral heads
were absent for three metastatic ipsilateral and three contralateral animals by 6 weeks, which
likely arose due to fractureduring extraction of the femoral head from pelvic bafier
osteolysis. However, shdragility did not arise in healthy control bones and thus this brittle
behaviour resulting in broken bone tissue, seen in both ipsilateral and contralateral femurs, is
further evidence of the extent of bone loss in the metastatic animals. Had thesd Feradr
regions remained intact, this may have revealed even greater changes in bone mineral content

and nanemechanical properties.
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Breast cancer in latgtage patients undergoes metastatic spread to bone locations distant
from the primary tumour, inading the long bones, spine, pelvis, and (smers et al., 2000,
Macedo et al., 2017Key steps in the metastatic process are intravasation, circulation, evasion
of host immune response, and subseqagtravasation of metastatic breast cancer cells from
vasculature to arrive at the target tisgkieetschmann and Welm, 2012Jhese processes are
recapitulated irtheimmunocompetent ouse modedtilised in the current studyn which a
primary tumour was induced via mammary fat pad inoculation of breast cancer cells, and
follows the metastatic cascade as would o@cwivo, rather than direct inoculation into the
bone environment. Thianimal study has successfully replicated osteolysis due to breast cancer
metastasis, as confirmed by mi€€d results in both tumotadjacent ipsilateral femurs and
contralateral femurs after 4T1 breast cancer cell inoculation. It is assumed thatemgewaf
metastatic invasion is a result of breast cancer cell extravasation from the vasculature within
the bone microenvironment. Despite the development of tumour masses and evidence of heavy
tumour burden at 3 weeks pasoculation, micreCT and bonamnineral density distribution
analysis revealed that overt osteolytic destruction was not detected until 6 weeks post
inoculation. However,rabecular thickness was reduced by 3 weeks and may indicate the
initiation of osteolysis in the trabecular companmerhis finding is consistent with a study
which reportedoreast cancer metastatic invasion was first detected in the trabecular bone
marrow niche, 5 days after intracardiac or intravenous injection of cells irtee&®old
BALB/c mice (Allocca et al., 2019)Trabecular bone has a higher rate of bone turnover and
metabolic activity compared to cortical bone tissue in patig@ltgke, 2008)and this higher
bone metabolic activity is associated with higher rates of osteolytic destruction in BALB/c
mousemodels(Wang et al., 2015 BMD was similarly investigated in two studies involving
MDA-MD-231 breast cancer cells directly injectetbithe distal femurs of female NCr nude
mice (89 weeks old)Arrington et al., 2006, Arrington et al., 2008) both studies, osteolytic
destruction was detected via radiography at 3 weeksiestion but no gnificant changes
in BMD were observed from mics@T scans (10.46 pfrand 12 pm voxel size, respectively),
whereas by six weeks osteolytic tissue BMD was significantly lower compared 4esion
and contralateral control femurs, and most animals dideazh the nineveek time point due
to impending fracturen a later study, 4veekold BALB/c mice intravenously injected with
MDA-MB-231 breast cancer cells were analysed for bone mineral content at 32 days, finding

the bone volume fraction had decrehse metastatic trabecular bone of distal tibiae (9.5 *
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2.6%) compared to healthy controls (22.7 + 1.§Rirhert et al., 2015)Decreased cortical

BMD (Kaneko et al., 2003 nd trabecular bone volume fractifiazarian et al., 2008)ave

been reprted in patient studies of mixed sex and cancer type (breast, prostate, lung, colon)
metastatic bone lesions located in femurs, far from primary tumours, such as those originating
in breast tissue, but the time sequence of these changes have not be@netbthie to patient

variation.

Our results reveal reduced bone tissue thickness and bone volume throughout tumour
bearing femurs, as well as decreased bone stiffness in proximal femur regions, when compared
to healthy controls 6 weeks following primatymour inductionBone mineral content has
been shown to correlate with bone tissue stiffness and hardipedeimty Gour i on Ar si q
et al., 2009and inmice(Courtland et al., 200&nd has been proposed to be driven by collagen
crosslinking, bone morphology and trabecular orientatjfaschalis et al., 2011n studies
of human mixed cancer metastatic lesions, decreased compressive and tensile elastic modulus
has been reported for cortical bone from the femur diaph¥sseko et al., 2003and
decreased elastic modulus from dry nanemtdtion tests has been reported in trabecular bone
cores of the spine and fem{NMazarian et al., 2008Nanoindentation testing was performed
on the medial side (i.e. tumour side) of the mouse femurs. Notaltigs ipreviously been
shown viadry nanoindentatiothat the medial section &ALB/c mousetibiae are higher in
stiffness and hardness when compared to posterior or anterior s¢etepes et al., 2020)

Though not as precise as analysis in larger bone specimens (human, rat long bones) due to
limited scan resolutin, micreCT derived BMDD is utilised in the analysis of mouse femur
bone tissugMartinBadosa et al., 2003, Bouxsein et al., 2010, Ravoori et al., 28h6)
correlates closely with BSE imaging analysis in aktamces except measurements for
heterogeneity (full width at half maximunfMashiatulla et al., 2017)An animal study of

female athymic rats (6 weeks old) receiving an intracardiac injection of HelLa osteolytic
cancer cel reported significantly reduced bone mineral density (by BSE) in osteolytic lesions
within lumbar vertebrae compared to healthy confiBlgke et al., 2017)which is in keeping

with findingsfrom the current stly upon osteolysis at 6 weeks. Interestingly, this study found

no differences in Youngbés modul us or hardnes:s
cortical and trabecular bone tissue locations to be a probable(Bawke et al., 2017)Another

animal study of C57BL/6 female mice inoculated with B16F10 cells via intracardiac injection

(Sekita et al., 2017yeported reduced dry nanoindentation modulus in cortica bom the
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femoral diaphysis after 14 days (metastatic: 18.3 + 3.1GPa, control: 24.2 + 2.3GPa).
Interestingly, despite significant changes in bone tissue stiffness were found at both time points
of the current study, no differences were found in bonedibsudness upon nanoindentation
testing. Though these mechanical properties correlate cloiegyehardness is reported to
produce a | ower statistical C ont(Zysssttetalc o mpar
1999) Large bone loss observed in distal tumbearing femur regions at 6 weeks post
inoculation may be explained by tumour mass growth as it expands distally over time, as
indicated by bioluminescence of IVIS scans which extended to distal femur refignse(

3.2-A). This is supported by an animal study of male SCID mie&Q(8veeks old) inoculated

with prostate cancer cells (Acel or DU145) in the intramedullary cavity of the tibiae compared
to salineinoculated contromice (Sottnik et al., 2015)that reported increaseatramedullary
pressure exerted by a tumour mass, which induced osteocytes to secrete known promoters of
prostate cancer metastasis in bone tissue (CCL5, MMRs)natively, bone loss and reduced
trabecular bone mineral density also occurred within the proximal and distal contralateral
femurs at 6 weeks, which may be explained by systemic circulation of breast cancer cells during
the migration step of the metastatascadeglLangley and Fidler, 2007 yesulting in the
invasion of skeletal sites distant from the primary tumour, as seen in breast cancer metastatic
patientsDemers et al., 2000, Macedo et al., 2017)

Interestingly, by 3 weeks pestoculation, there was an increase in bone mineralisation
in the metastatic femurs compared to healthy bone tissue, along with increased distal femur
cortical thickness. There are a number of possible explanations for these changesrahich
consideedherewith. Firstly, resorption of low bone mineral density in the superficial layers of
trabecular bone might occur upon initiation of osteolysis and, bettaisentre of trabeculae
are more highly mineralisg@rennan et al., 2011)he remaining trabeculae may have a higher
density. Secondly, minerahtion could by stimulated by either the release of bone matrix
proteins (OSC, OPN, Collagen type I) upon bone resorg@ax and Morgan, 2013)r by
tumourderived growth factors released by disseminated tumour(€dies and Guise, 2005)
both of which can stimulate resident osteoblasts to increase bone deposition. Interestingly,
blood serum analysis from breast cancer metastatic patients found increases in bone matrix
proteins occur wly once osteolytic destruction is detect&adizuki et al., 1989, Singhal et al.,
1997, Pollmann et al., 20Q7and so these may not explain the early increases in bone

mineralisation reported here. A recent studgorted increased trabecular and cortical bone
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thickness and evidence of bone formation after 3 weeks in animals that received daily
intraperitoneal injections of tumowell conditioned mediéChiou et al., 2021)They proposed

that tumou+derived growth factors (VEGF, Lysyl Oxidase) released by disseminated tumour
cells (DTCs) act for the purpogef &épri mingdé the bone ECM to f
microenvironment for DTC attraction, survival and prolifera{iGhiou et al., 2021VEGF is

a known regulator of bone resorptitheng et al., 2013while lysyl oxidase (LOX) release

is driven by signalling of hypoxia inducible factors (HIF) t@mote invading tumour cell
colonization and osteolysis at skeletal s(feankin et al., 2016)Thus, bone mineral priming,

arising from hypoxic stress, might be responsible for the changes in tissue mineralisation
reported here by 3 weeks. Alternatively, thgytrabecular bone loss identifiedremay alter

the normal distribution of mechanical strain within the bone and thus initiate a
mechanobiological mineralisation response by the bone cells residing in regions of elevated
strain. Indeed, decreased trablar bone arising during osteoporosis has been shown to lead to
elevated strain on the cortical bone of the proximal femoral féak Rietbergen et al., 2003,
Verhulp et al., 2008Alteration of the mechanicahgironment may also dictate the production

of growth factorsby the tumour cells and tumour cell activiyn in vitro study introduced
MDA-MB-231 to culture medium from osteoclasts, previously conditioned in the media of
osteocytes (MLGOY4) subjected to 2ours of oscillatory fluid flow stimulatioiMa et al.,

2018) This study reported reduced migration and increased apoptosis of these breast cancer
cells, compared to nemechanically stimulated osteocyte condigd medigMa et al., 2018)

These findings are reflected in previous human and animal studies where exercise or direct
mechanical loading regimes of long bones inhibit tumour progression, proposedly due to
alteredTGFb si gnal ling and sclerostin (Seazineti on
al., 2021) Notably, a stdy of MDA-MB231 breast cancer caloculated proximal tibiae, in

SCID mice subjected to dynamic compressive loads for 6 weeks, reported inhibited osteolytic
progression, via limited loss of bone volume and trabecular thickness, during metastasis
suggestedo be a result of mechanoregulation of osteoblast and osteoclast gtiywvith et

al., 2013) Interestingly, increased matrix rigidity has been shown, in vitro, to induce more
active tumour invasion and osteatytestruction of MDAMB-231 breast cancer cells, via
increased integrin b3-bmacdida {(PabdHetd@lx g0l®asds i on o0
demonstrates the important role of mechanobiology in breast cancer metastatic invasion.
Mechanical stimulation has also been reported to stimulate breast cancer behahkaourin

the context of primary tumour development and cancer cell extravas&tigoarticular,
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increased bone marrow ECM interstitial fluid flow, hydrostatic pressure, tissue strain and ECM
stiffness, known to actively drive resident bone cellular activityrambdelling are suggested

to provide mechanical cues which drive tumooaglignancy and cancer cell extravasation
(Lynch et al., 2020)In this way the mechanical environment might also play a key role in
stimulating both tumour and bone cell activity and contribute to tumour cell ioehauring

the cancer vicious cycle. Elevated bone stiffness by three weekisipasiation in this study,

in only the distal ipsilateral femur regions, may be due to increaseeb&mihg upon the
introduction of a tumour mass. However, the preciseachpf mammary pathoculated
tumour weight on murine bone mineral content and mechanical properties is not yet known.
Figure 3.7 illustrates howearly increases in bone mineral content and mechanical properties
later decreased significantly over the progression of metastatic invasath. Boposed
mechanismsare detailed here, outlining how thes®y act simultaneously to drive the

temporal changes in bone tissue obsghere.

Changesin bone mineral content and mectical properties during early metastatic
invasionmay alter the tumousdjacent and netumourbearing mechanical environments of
bone and breast cancer metastatic cells over. tilhés highlights the potential role of
mechanobiology in perpetuating turmaell proliferation during the cancer vicious cycle and
tumour invasiveness during breast cancer metastasis to Funtieer studies are required to
delineate whethed TC o6 pri mingd of the bone mardvenst ati c
response to imbahced strain distributions in the bone ECM, would elucidate these changes.
Further analysis of thaltered bone tissue mechanical environment during early bone
metastatic invasion could provide a greater insight into the potential mechanobiological cues
which arise prior to osteolytic destructigmotentially viatartrateresistant acidic phosphatase
(TRAP) histological staining to assess osteoclast activity during this early metastatic phase, or
alternativelyutilising microCT images to generate finiteeehent models (FEM) of the bone
tissue microenvironment, thereby simulating how mechanical stimuli within the bone

microarchitecture may differ between groups prior to and following osteolytic development.
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Migration of 4T1 cells to trabecular bone [A] Clines and Guise, 2005
° [B] Chiou, 2021
fao [C] Van Rietbergen, 2003
.¢. J, [D] Page, 2015
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Figure 3.7: Proposed sequence of changes in bone microarchitecture and tissue
composition during breast cancer metastatic invasion of bone tissue, 3 and 6 weeks after
inoculation of breast cancer cells into the mammary fat padGrowth factors releasdcom
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4T1 cells stimulate osteoclastogenesis and bone resorption. In addition to the known influence
of growth factors released from the bone matrix in driving further tumour cell activity (Grey
arrows) the current studseporsincreased bone mineraligat at the early stages of osteolysis.
Theseare proposed tariseas a consequence either, or both, of a) mechanobiologically
driven responses by osteocytes to the altered mechanical environment following early
osteolysis (Red arrows and textboxes)poy bone niche O6primingdé by
disseminated tumour cells (Blue arrows and textboxes) drive. These changes might lead to a
secondary alteration in the mechanical environment of both the bone and tumour cells, driving
further tumour cell praferation and bone resorption, and thereby perpetuate the vicious cycle.
Upward arrow, increase; downward arrow, decrease; dashed arrows, feedback mechanism;
white boxes, results from this study.-[#] References to relevant literature. lllustration made

in ©BioRender biorender.com.

3.5 Conclusion

Temporal and spatial analysis of bone physical properties upon breast cancer cell metastatic
invasion provides an understanding of the changes in bone microarchitecture and tissue
composition. Comprehensive analysif bone mineralisation and namechanical properties
at 3 weeks posghoculation indicates early bone tissue changes in response to breast cancer
metastatic invasianin the longer term, decreased mineral content and lower bone tissue
stiffness in tumorzloaded femurs occurred upon osteolytic destrucfidrese changes may
alter the mechanical environment of both the bone and tumour cells, and thereby play a role in

perpetuating the cancer vicious cycle during breast cancer metastasis to bone tissue.
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Chapter 4:Mechanoregulation may
drive osteolysis during bone
metastasis: A Finite Element Analysis
of the mechanical environment within
bone tissue during bone metastasis
and osteolytic resorption

The following chapter is based onsaientific paperwhich has been ger reviewed and
published in thelournal of Mechanical Behaviour of Biomedical Materi@ferbruggen and
McNamara, 2023)The following ispresented in the format of this articknd therefore the
introduction and discussion (limitations) sectioantains some repetitiorAll micro-CT
analysis, computational analysis (FEA)statistical analyses, writing and editing were
conducted by the author of this thesRreclinical animal nodel desig and weight
measurementsvere conducted by our collaborego(Dr. Rbisin M. Dwyer and Elan C.
McCarthy, Discipline of Surgery, Lambe Institute for Translational Research, University of
Galway, Irelandlwith their ceauthorships and contributions recognised upon publication.

4.1 Introduction
Metastasis is the finadtage of cancer where cells migrate from a primary tumour to a
secondary site and is the main cause of death in cancer p@fiengelt et al., 2005, Langley
and Fidler, 2007)For approximately 7@80% of advanced breast cancer patients, invasive
cancer cells favour migration to bone where they stimulate bone resorption (osteolysis) or
formation (osteobkstic metastasigMundy, 2002, Clines and Guise, 200@)ich propagates
tumour growth and causes bone fragility, pain and hypercalgé&uo@ow and Guise, 2005)
Accordingt o Paget 6s 6Seed and Soil 6 theory (1889)
migration, adhesion, and invasion due to its attractive physical properties and easily
manipulated remodelling process. Bone remodelling is governed by osteoblasts and
ogeoclasts, which activate bone formation or resorption respectively, so that bone tissue
structure and composition meets the mechanical demands on the(kkdl@mara, 2010,
Mellon and Tanner, 2012)his process is regulated by mechanosensitive osteocyte cells,

which communicate to osteoblasts and osteoclasts via biochemical sigf@adiinigue et al.,
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2017) During metastasis, cancer cells release PTHrP, which upregulates the expression of
factors (RANKL/OPG) that activate osteoclast differentiation and osteolysis. Bone tissue is an
abundant source of growth factors (T8F,  #*Yaad cytokines, and osteolytiote resorption

releases these factors, which subsequently attract and stimulate further tumour cell proliferation
(Yoneda et al., 1994 his repeated system of invasion, active bone tissue resorption, growth

factor release and further tumour prolfer i on has become known as tF
(Clines and Guise, 2005)

Mechanosensitive osteocytes monitor changes in mechanical stresses and strains within the
physical bone tissue in which they reside. Healthy bone, osteocytes experiencing such
changes would then signal to osteoclasts and osteoblasts to activate removal of old, damaged
tissue on the bone surface and lay down new bone material to meet the mechanical demands.
Mechanoregulation theory dgges bone adaption on the basis of the assumption that the cells
are driven to maintain a homeostatic mechanical environment within the tidsereby that
mechanical stimuli beyond a specified threshold elicits new bone formation by osteoblasts
whereas reduction in mechanical stimulation results in bone resorption by oste¢Elasts
1996, McNamara and Prendergast, 2007, Smotrova et al., 20@&)anesensitive osteocytes
produce factors, in particular sebstin, in response to their mechanical environment and in
this way can inhibit or activate Wnt signalling by osteoblasts, which in turn regulates
osteoclastogenesis and bone Ip&svropoulou and Yovos, 200:AVithin a growing tumour,
caner and bone cells are subject to various mechanical signals, such as pressure, traction, and
the tumour stiffness, which are known to activate tumour cell proliferation, differentiation and
migration. But the invading tumour also changes the mechanidabement to the bone cells,
by deforming the matrix and changing the stiffness of the bone itself. Previous studies have
reported changes in bone tissue composition and mechanical properties from human cancer
metastasis patients and animal breast cancelelsoin particular decreased bone mineral
density, bone volume, collagen quality and matrix stiff{&sseko et al., 2003, Nazarian et
al., 2008, Richert et al., 2015, Sekita et al., 2017, Burke et al., 2018, €rab, 2021)There
is also evidence that bone loss during metastasis is temporal in (#aturgton et al., 2006)

Chapter 3reported temporal and spatial changes in mraschanical properties amdineral
distributionof bone tissue in an animal model of metast@sesbrugge et al., 2022)In early
metastasisosteolysis was only evident through the onset of trabecular resorption, whereas
cortical thickening and increased bone mineralisation were also reguedatuggen et al.,

2022) This chaptemproposed that such changes may alter the mechanical environment of both
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the bone and tumouwells, and thereby activate mechanobiological responses in the bone cells
to perpetuate the cancer vicious cy@lerbruggen et al., 2022However, the specific impact
of temporal changes in bone structure and composition on the mechanical environment within
the bone tissue during metastasis has not been establishedhetier such changes are

associated with osteolysis has not yet been investigated.

Computational modelling and experimental imaging approaches can enable
characterisation of theechanical environment within bone tissue and overcome challenges
related to dect experimental quantification, which have been applied to study fracture
susceptibility in metastiz bone disease. A study compared computational models of simulated
osteolytic defects to Gdlerived models of metastatic lesions in human femora, auticped
premature fracture failure in the simplified defect modKlsyak et al., 2005)interestingly,
this study found that simulated lesions accurately predicted failure loads compared to real
metastatic defect@Keyak et al., 2005)In another study, finite element (FE) models were
reconstructed from healthy human femur images, into which osteolytic lesions had been
manually drilled ino the cortical bone tissue to reflect metastatic patient scans, and fracture
failure was accurately predicted along the femoral neck and greater tro¢Aa@zBustillos
et al.,, 2014) This stug concluded both FE modelling or computed tomography rigidity
analysis (CTRA) techniques equally effective in failure predic(idnezBustillos et al.,

2014) Osteolytic defects were introducedarf-E models, derived from computed tomography
(CT) scans of the lumbar vertebrae and proximal femur, to replicate bone loss from patient
scangBenca et al., 2017, Salvatore et al., 2CH@&) predict fracture risiSubjectspecific non

linear FE models of metastatic vertebrae were developed from Quantitative Computed
Tomography (QCT) images of the thoracolumbar spine in patients with osteolytic lesions to
predict fracture risk, which concluded that the impact b€ liesions on this failure risk was
specific to each patier{Costa et al., 2019)QCT-derived FE models of human cadaveric
proximal femurs accurately predicted failure force of femur when artificial cavities
representing metastasis were introduced and compared-tesion contralateral contro{Sas

et al., 2020) In addition, this study found good agreement between Mms#d hexahedral

and tetrahedral FE models, and were similarly accurate and precise in predicting bone tissue
strength and failure loadcompared with experimental resiias et al., 2020Patient specific
modelsof metastatic proximal femurs were developed from QCT scans, and it was shown that
these approaches were superior in predicting fracture risk, when compared to clinical

approaches that predict risk based on lesion characteristics and axial corticadrmemiv
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measured from patient radiographs abinical CT scans(Eggermont et al., 2020)This
approach was also applied to investigate the efficacy of femoroplasty which, when this
proedure was computationally simulated in reconstructed human femurs, reportedly reduced
fracture risk for metastatic lesions located in within the femoral neck or head b{Sz&%6t

al., 2022) The above studies have illustrated the impact of overt mitagtsions on bone
strength and risk of fracture failure in human cadaveric bone tissue. However, these findings
are restricted to human factors which may influence metastatic development, such as age, sex,
cancer type and patiespecific cancer theramgradiology, chemotherapy, et¢Yao et al.,

2020)

Preclinical animal models are widely used to studmour progression. Two similar
computational studies utilised p@lerived FE models to generate and analyse lumbar
vertebrae (T12 L3) from osteolytic or mixed metastatic female Rowett nude rats, euthanised
at 21 daygAtkins et al., 2019and 25 days following intracardiac inoculation of HeLaas
cells(Choudhari et al., 2016nterestingly, both studies found regiaisnicrodamage, arising
secondary to metastasis, were spatially correlated with areas of elevated stress and strain
(Choudhari et al., 2016, Atkins et al., 2018)uCT-derived FE model of a human cadaveric
vertebae was developed and applied to investigate the impact of size and location of simulated
lesions(Costa et al., 2020)his study revealed that increased lesion size was correlated to a
reduction in struatral properties of the vertebral body, whereas the location of the lesion did
not have a strong influend€osta et al., 2020)interestingly, they reported a reduction in
principal strain in bone tissu@rsounding the lytic lesions, which was more pronounced for
larger lesiongCosta et al., 2020A later study ofmurine tibiae, subjected to cyclical axial
compression over 2 weeks, found an Stiven bae remodelling algorithm usingCT-FE
models could accurately predict changes in the bone tissue mechanical environment
experiencing microstrains as low A2.8 + 9.0uv, verified usingdigital volume correlation
(DVC) measurement® visualise changes sirain prior to and following compression testing
(Cheong et al., 2021)In another preclinical animal study, artificial osteolytic lesions were
introduced to healthy porcine vertebrae and these were experimentally subjected to
compression loads to induce permanent danfBgkanca et al., 2021bDVC measurements
wereagainused toverify that principal gains increased approximately twofold in the presence
of osteolytic lesiongPalanca et al., 2021)CT derived FE models were developed of these
same porcine models and it was reported that the computationally predicted displacement

fields, for loading of metaatic vertebrae in the elastic regime, were in excellent agreement
100



Chapterd

with DVC measurement@Palanca et al., 2022Yhe above computational studies of bone
metastases primarily focused on predicting fracture failure at specific time points after
metastasis. Howevgthe evolving bone tissue mechalienvironment during metastasis has

not been characterised.

The objective of this study is to characterise temporal changes in the bone mechanical
environment during breast cancer metastasis via finite element analysis (FEA) derived from
HCT images of miastatic mouse boné particular goal is to study timeéependent changes
in mechanical stimuli within the bone microenvironment, local to and distant from an invading
tumour mass, tanvestigate putative mechanobiological cues for osteolysis during bone

metastasis.

4.1 Methods

4.1.1 Animal Model
The current study conducts a subjspecific computational analysis of femurs collected from

thepre-clinical animal study of breast cancer metastasaysed in Chapter(®erbruggen et

al., 2022) In brief, 6weekold adultimmunocompetent micenoculated with murine breast
cancer cé$ in the mammary fat pad were maintained under normal laboratory conditions with
food and water providead libitum Metastatic femurs (MET) were collected from the turour
inoculated side and comparecctintrol femurs (CTRL) imealthy mice which did notceive
inoculations. The first animal cohorts were euthanised at 3 weekmpostation (CTRL n =

5, MET n =5) and a second cohort had an endpoint of 6 weeksposatation (CTRL n =5,

MET n = 7). Femurs were collected from the anatomical riglg sfdche mouse for healthy

and control animals, with the exception of two femurs that were harvested from the left
anatomical side for the healthy control group at 3 weeksh mouse was weighed weekly,
andtumour weight were measured at the/@k and 8veek endpoint€Each tumour mass was
also dimensionedsingcalliperssuch that their volumes could be calculated according to the
following formula: 0.52 x (widtl)x (height¥. All femurs were harvested, muscle and tendon
soft tissues were removed, arwhlbs were wrapped in PB®aked gauze and storedat0 e C.
This research was conducted with approval from the Animal Care Research Ethics Committee
(ACREC) at the University of Galway and the Health Products Regulatory Authority (HPRA),

the national authdy for scientific animal protection in Ireland.
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4.1.2 Micro-Computed Tomography and model reconstruction
Micro-computed tomography (UCT) is a rdastructive analytical technique used for detailed

guantification of bone mineral density throughout chosen vetuof interest (VOIsSamples
were thawed overnight at 4eC, placed in 9 mn
buffered saline (PBS) at room temperature in a static, upright position during the imaging
process. Proximal and distal femur regions were imaged, with prbfemar VOIs defined

as spanning from the most proximal point of the femoral head to 4mm in the distal direction,
while distal femur VOIs spanned 2 mm toward the midshaft from the distal growth plate
(Figure3.1A). Scans (1000 projections per 180¢ rotat
The following parameters were applied: 70kVp peakaX tube voltage, 57pA tube current,
900ms integration time, frame averaging of 5, 0.8 Gaussian filter and Support value of 1,
Scanco Medical pCT100. A 0.5 ml aluminium filter was used to reduce beam hardening
artefacts and a trinomial beam hardening correction was applied during reconstruction of the
UCT scans. A density threshold (513.7 mg HAJrmas chosen as the approximatilpoint
between the background and peak density of the bone samples, and by visually comparing to
scan grayscale images, which closely matched 3000HU previously reported as suitable for the
ellimination of muscle and tendon tiss(lRavoori et al., 2010)Osteolyticlesions in the uCT
reconstructed models were identified as regions of significant loegevhereby large bone
cavities were overtly visible when cressmpared with identical anatomical bone sites of
healthy samples vete bone tissue was visiblBICOM files from healthy and metastatic
proximal and distal femur VOI scans were exported for segmentation. uCT scans were
segmented and reconstructed into 3D models via MIMICS software (18.0, Materialise,
Belgium) (Figure3.1B). Bone geometry was isolated fromefaitts, while a smoothing factor

of 0.4, including volume compensation, was applied to minimise edge effects.

4.1.3 Mesh Generation
Each model was meshed (3matic software 10.QeNédise, Belgium) with 4oded linear

tetrahedral element&igure3.1B) to generate cortical and trabecular bone tissue regiors.

mesh design was chosen because tetrahedral elements are suited for the geompédry of
proximal femurs, while 4hoded elements produce stress and strain responses similar to 10
noded models of the proximal in a more computationally efficient mgRa@nos and Simoes,
2006) Bone marrow and tumour tissweere excluded during gCthresholding and were
therefore not present within the computational models. A maximum edge length of 0.075mm

was applied to proximal femur models, and 0.04mm to distal femurs, following mesh
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convergence analysis on one model from each groupSiseelenentary Figure 4)J1 This
resulted in an average element volume of 1.3h@* in proximal models and 2.07xfenm?

in distal models. Each model was then imported into Abaqus (Dassault Systemes, version 2017)
for finite element analysis.
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Figure 4.1 Finite Element model development(A) Scout view of uCT scan from a murine
femur. (B) Segmentation and reconstruction of uCT scans was conducted to extract solid
models of the proximal and distal femur, andsthevere meshedith tetrahedral elements.
using MIMICS software. (C, D) uCT data was processed (gray values in Hounsfield Units) to
assign material properties to the mesh distribution assuming 100 distinct uniformly distributed
material parameters.
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4.1.4 Finite Element Analysis

4.1.4.1 Material Properties
Each model was mapped with 100 distinct uniformly distributed material parameters

throughout the mesh which were mapped according to gray values from uCT scans (MIMICS
sofware) Figure3.1C, 1D). In this wayheterogeneous material properties which vary with

the distribution of the density provide structural anisotropy, wh#ematerial properties were

assumed to be linear elastic. Mapping of material properties onto ead¢h invedved
convertingCfder i ved Dbone i nteo ad s b @chifes ey al.)2p08)

and subsequent | y Etaocording toragawvsr lam octhtiomshipsapplied in

female mouse tibiagKeller, 1994, Luetal., 2013y s sumi ng a Poi(Webstan 6s r a
et al., 2008, Cheong et al., 2020b)

Z 8 8 iy (4.1)
2=4s 8 8 724 (4-2)
o p® 8 (4.3)

The cal cul ated Youngo6s ofordxpdrimental amalgsis byimeams n t h
of nanoindentation of bone tissdem the sam@roximal and distalemur regions of cortical

and trabecular boneithin the animal cohorts as in Chaptef\&rbruggen et al., 202Z3ee
Supplementary Table 4.1

4.1.4.2 Boundary and Loading Conditions
Each proximal femur nael was loaded on a small circular surface on the femoral dfead

radius 0.25mm (area ~0.188 Mmo represent weigHiearing in the mouse anatomy
(Blanchard et al., 2013Assigned bodyweights, measured upon resection at time of sacrifice,
were specific to each individual mouse. This surface was coupled to a referencecabei |

at the centre of mass within each femoral head to distribute the load evenly over the joint
surface Figure4.2A). For distal regions, the proximal cortical bone surface area was similarly
coupled to a refemce point normal to the surface area centrBigure 4.2B). In all cases,

120% of the specific mouse bodyweight was applied in the proxdimstl direction, and
10.9% in the posterieanterior direction to refld peak physiological loading in a mouse long
bone(Charles et al., 2018Distal surfaces were fixed in all directions. To investigate the
impact of model alignment with the applied bodyweigladioa separate parameter variation
study was conducted for a 3 week MET proximal femur model. The applied force was adjusted

105



Chapterd

along the anterieposterior and medidl at er al axes such that body
2.5¢, 5e and 10 ee neutral gositioc anch pnaximeird pribcgal s$train
distribution results were analyseésupplementary Figure 4.20n the basis of this analysis the

bodyweight | oad was confirmed to be unaffect

106



Chapterd

A Proximal Femur B Distal Femur

~0.02N
Posterior-Anterior

~0.21N
Proximal-Distal

S, Mises
(Avg: 75%)

+3.3330-01
+0.000e+00

D

S, Mises

(Avg: 75%)
+4.000e+00
+3.667e+00
+3.333e+00
+3.000e+00
+2.667e+00
+2.333e+00

Figure 4.2: FE model development and subregional tissue isolation:(A) Proximal and
(B) distal femur boundary conditions, including application of weight bearing loads (red
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arrows), kinematic coupling (yellow triangle) anddikdistal surfaces (orange triangles). (C)
Isolated crossections in the proximalistal direction, indicating manual segregation (red
dashed line) of (D) cortical and (E) trabecular bone tissue regions for separate analysis. (F)
Resultant 3D display gr@s of elements isolated from the trabecular region in proximal and
distal models.

4.1.4.3 FE model analysis
The objective of this study was to conduct temporal analysis of stress and strain distributions

within the bone extracellular matrix (ECM), prior to antddwing overt osteolytic destruction.
Whole proximal femur regions and distal regions were analysed for each control and metastatic
femur, along with analysis of the femoral head-sedion, adjacent to where the primary
tumour mass was inoculated. Cra@estions of each region were qualitatively assessed for
distribution of Von Mises stress and maximum principal sti@umantitative mean maximum
principal stress and strain energy density (SBDalysis was conducted for each region.
Histograms of maximurrincipal strain, as a percentage of bone tissue volume, were produced
to quantify changes in strain distribution throughout the bone mechanical envirdretvesgn
metastatic and healthy control grougain distribution ranges wecalculated as an axage

of all models per cohort, per group, per region of intedakimum principal strain histogram
ranges (0 300) were chosen to reflect peak strains measured in female C57BI/6 tibiae
during walking(De Souza et al., 2005)ith thelowest increment (6 50u0) chosen to reflect

a threshold below which faster (Frastnl®9ly esor pt i

To further investigate precisely where changes in mechanical strain may have originated
within these models, these analyses were also conducted in separate cortical and trabecular
bone sukregions. Utilising a simdr methodology to contouring in uCT analysis, cortical and
trabecular sulbegions were manually delineated by highlighting and removing trabecular
region elements in every cressction view along the longitudinal (proxirrdiktal) direction
(Figure4.2C, 2D).Boolean operation was then used to invert this display group and analyse

trabecular bone tissue elements separaketute4.2F).

4.1.4.4 Statistical Analysis
Statistical aalyses were performed using MiniTab (version 17) software comparing healthy

controls (CTRL) and metastatic groups (MET) from each cohort (3 weeks, 6 weeks). Each
parameter was confirmed for normal distribution in these groups (Kolmogominnov

normality test) and assessed for equal variance (F test). One maximum principal strain
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distribution per bone region and groapalysedto confirm similar skew between groups.
Student itests were implemented to determine whether averaged data was statistically
sign fi cant between groups of equal variance,
had unequal varianc&he maximum principal strain distribution histogram of one sample per
bone region per group was assessed to confirm close skewness (proximall8TRMET:

20.6, distal CTRL: 4.94, MET: 5.3). Results are displayed as mean + standard deviation, with
significance defined as a p value of < 0.05, and greater significance (p < 0.01, p < 0.001,
p<0.0001) also indicated.

4.2 Results

4.2.1 Tumour Development and @solytic Destruction
By 3 weeks after breast cancer cell inoculation, into the primary mammary fat pad, there was

no evidence of overt osteolytic destruction from PCT scans of metastatic anfigaise(
4.3B). However, by 6 weeks of tumour development overt osteolysis was evident in metastatic
femurs, particularly in the greater trochanteig(re4.3D). In three of the seven metastatic
femurs the femoral head was absentohal, 20 femur regions were suitable for analysis at 3
weeks (n =5 per region) and 19 femur regions at 6 weeksnmustiation (proximal CTRL n

= 4, proximal MET n =4, distal CTRL n =5, distal MET n = 7).

When measured at times of sacrifice, metastaiouse weights did not differ from
healthy control mouse weights at either time point of the sthayufe 4.3E). The average
weight of healthy control mice had increased significantly at 6 weeksnmastlation(23.0 £
1.69) compared to this same control group at 3 weeks (18.6 £+ 1.4g). Similarly, the metastatic
mice had increased weight significantly between time points (6 weeks MET: 23.1 + 2.2g vs. 3
weeks MET: 19.2 + 1.2g). Tumour tissue weights were signifizagreater by 6 weeks pest
inoculation compared to 3 weeks posdculation (1.63 + 0.4g vs. 0.286 + 0.7g, p<0.0001),
seeFigure4.3F.
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Figure 4.3. Osteolytic destruction and tumour development.(A-D) Scout views of
disease and control mouse femurs at 3 weeks and 6 weeksgmsation, scalebar 1mm.
Insets shovBD reconstructions of proximal and distal VOIs of a femur from each group, with
contour isolation of(left) cortical and (right) trabecular bone regions. Osteolytic lesion
development was confirmed in the cortical bone of the greater trochanter (D, black insets). (E)
Recorded weights of mice and (F) tumour masses takerwatB and éveek endpoints. *
Significant difference, per group, betweenw8ek and 6wnveek time points. (*p<0.01,
**p<0.001, ****p<0.0001).
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4.2.2 Early Changes in the Femur Bone Mechanical Environment (3 weeks post
inoculation)

Finite element models were developed to simulate wdightirg for healthy control and
metastatic mice, prior to and following overt osteolytic destruction, specifically atd36

weeks postnoculation. Temporal stress and strain analyses of the bone tissue
microenvironment were conducteldigure4.4). At 3 weeks posinoculation,elevated stress

and strain were concentrated along the medial side of the femoral neck and the top of the
femoral head where loading was appli€th(re4.4A, 4B). In the distal femurs, Von Mises
stress was more uniformly distributed throughout the cortical bone tissue reigjored.4C).

No overt differences in stress or strain distribution were discerniblesbatwetastatic and
healthy groups at this early time point, either in the proxiRajufe 4.4A, 4.4B) or distal

femur regionsKigure4.4C, 4D).
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A Proximal femurs

3 weeks
8, Mises
(Avg: 75%)
+2.028e+01
+4.000e +00
+3.667e+00
+3.333e+00
+3.000e+00
+2.667e+00
+2.333e+00
+2.000e+00
+1.667e+00
+1.333e+00
+1.000e+00
+6.667e-01
+3.333e-01
+0.000e+00
3 weeks
3 weeks
LE, Max. Principal
(Avg: 75%)
+8.721e-04
+3.000e-04
+2.750e-04
+2.500e-04
+2.250e-04
+2.000e-04
+1.750e-04
+1.500e-04
+1.250e-04
+1.000e-04
+7.500e-05
+5.000e-05
+2.500e-05
+0.000e+00
-3.794e-06
3 weeks

c Distal femurs

3 weeks
S, Mises
(Avg: 75%)
+3.740e+00
+1.000e+00
+9.167e-01
+8.333e-01

+7.500e-01
+6.667e-01

+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00
3 weeks
MET
3 weeks
CTRL
LE, Max. Principal
(Avg: 75%)
+3.000e-04
+2.750e-04

+2.500e-04
+2.250e-04
+2.000e-04
+1.750e-04
+1.500e-04

+1.250e-04
+1.000e-04
+7.500e-05
+5.000e-05
+2.500e-05
+0.000e+00
3 weeks
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Figure 4.4: Predicted stress and strain distributions at 3 weeks poshoculation.
Mediallateral crosssections of finite element models contour plots for (A, C) Von Mises stress
and (B, C) maximum principal strain in CTRL aWdET femur regions during early metastasis.

Quantitative analysis of proximal femurs and distal femurs at 3 weeks showed no significant
changes in the strain distribution, when compared to healthy conEigisré 4.5A, 5G).
Furthermore, when analysing whole proximal femurs at this early time point of metastasis, no
significant differences in mean SEQr maximum principal strain were reported between
groups, Figure4.5B, 5C). However, in the distal femur region, far from the primary tumour
site, the metastatic group presented significantly lower maximum principal strain (5.02 £ 0.33
OU vs. 6.00 N 0.405 OU, p<0.05) and sarain e
p<0.05) when compared to controls at this early time pbigu¢e4.5H, 5J).

Interestingly, strain distribution analysis of the femoral heaeregion at 3 weeks post
inoculation revealed that a significankiyger proportion of metastatic bone tissue experienced
strains lower than 50Quwhen compared to controls (81.7 + 5.3% vs. 73.4 + 2.97%, p<0.05)
(Figure 4.5B). Correspondingly, a lower proportion of these femdredd subregions lay
within the 50- 100 pw (12.9 + 3.8% vs. 17.5 £ 2.11%, p<0.05) and 1200 W ranges (1.32
+ 0.93% vs. 2.5 £ 0.36%, p<0.05) compared to controls at 3 weekspostation Figure
4.5B). SEDwas significantly lower in metastatic femoral heads compared to healthy controls
(30.5 + 10.0 Pa vs. 57.8 £ 17.0, p<0.05 Fagyre4.5F). Taken together, the above results
highlight a general trend toward deced strain distribution, within the femoral head region,

in the metastatic group at this early time point.
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3wk CTRL
3wk MET

3wk CTRL
3wk MET
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