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Abstract

Breast cancer is one of the main cancer-associated causes of death in women. While a primary tumor
can often be treated well, metastases have a very poor prognosis and the spread to bones is among the
most frequent forms of metastasis with very poor outcome. While the cellular involvement of late-stage
metastasis in the bone has been studied frequently, early metastatic lesions and associated structural
and biophysical parameters, as well as the dynamic bone (re)modeling behavior are not well under-
stood. We hypothesize, that such structural and biophysical changes in the bone microenvironment,

influence the establishment and progression of breast cancer induced osteolytic lesions.

Hence, we aim to develop an experimental mouse model of breast cancer bone metastasis to detect
and characterize early osteolytic lesions in 3D.

In order to study the dynamic bone (re)modeling behavior in a pathological model, a physiological
baseline has to be established. In vivo microCT-based time-lapse morphometry is a powerful tool to
study temporal and spatial changes in bone (re)modeling. Here we present an advancement of the
method to detect and quantify site-specific differences of bone (re)modeling in 12-week-old female
BALB/c nude mice. We establish new bone surface interface parameters and show how they are af-
fected by bone curvature. Significant differences in bone (re)modeling baseline parameters between
metaphysis and epiphysis, as well as distal femur and proximal tibia, for both cortical and trabecular
bone, are described, with important implications for disease models.

This baseline of physiological bone (re)modeling using our advanced microCT-based time-lapse mor-
phometry method is then used to study changes in the bone dynamics caused by breast cancer cell
bone metastasis. For this we inject mice with breast cancer cells and monitor the bone (re)modeling
to detect pathological changes.

We show that tumor-injected animals without osteolytic lesions have significantly higher parameters

for newly mineralized bone in the trabecular region, compared to healthy control mice and with similar



trends for cortical bone. This indicates an influence of cancer cells on the bone (re)modeling even in
the absence of detectable lesions and a possible establishment of a pre- or antimetastatic niche.

In order to study early osteolytic lesions caused by breast cancer cells in the bone, we develop an
eroded bone patch analysis tool. This new mathematical tool allows us to detect and quantify cortical
osteolytic lesions already two weeks after cancer cell injection, clearly distinguishing the pathological
and physiological eroded bone patches. In addition, we visually identify lesions in the primary spon-
giosa of trabecular bone, sitting directly under the mineralized growth plate, already two weeks after
cancer cell injection. MicroCT-based time-lapse morphometry allows us to describe for the first time
three different types of early osteolytic lesions in the bone: 1) cortical lesions initiating at the perios-
teum, 2) cortical lesions at the endocortial site with additional trabecular erosion and 3) trabecular
lesions in the primary spongiosa at the growth plate.

We then use our in wvivo results to study the homing of cancer cells in the bone using light-sheet
fluorescence microscopy and confocal laser scanning microscopy, as well as the tissue changes caused
by early osteolytic lesions with the help of backscattered electron microscopy and advanced confocal
laser scanning microscopy.

We study the size and location of cancer cells in 3D (intact) bones after optical clearing with the help
of light-sheet fluorescence microscopy, providing 3D quantification of the homing of cancer cells in the
bone marrow and bone surrounding tissue. Within the bone marrow, cancer cells home as small cell
clusters close to the endocortical bone, but with no apparent preference for different bone compart-
ments.

Further analysis of cancer cell clusters in the marrow revealed that a significant fraction is not pro-
liferating. Additionally, cancer cell clusters have a strong tendency to home in fibronectin-rich areas,
providing new implications for the structural features of the cancer cell niche.

We last perform a multiscale analysis of the early metastatic lesions with various imaging techniques
and are able to show the changes in the mineralized tissue, as well as the organic collagen matrix.
To sum up, we use microCT-based time-lapse morphometry to study the dynamics and onset of bone
metastasis, including a baseline to differentiate from physiological bone (re)modeling. We quantify
changes in pathological bone (re)modeling in the absence of detectable osteolytic lesions. Further, we
introduce a new tool to detect and quantify early osteolytic lesions in cortical bone. In addition, we
visually detect trabecular lesions and are able to classify three different types of lesions in cortical and

trabecular bone. Using advanced ez vivo multimodal tissue analyses, we describe the homing of cancer



cells to the bone marrow in 3D and characterize the bone microenvironment in early osteolytic lesion.
Our work gives important 3D information and new perspectives on various states of cancer research
including the debate on pre- or antimetastatic niches, homing and the onset of metastasis in the long

bones.






Zusammenfassung

Brustkrebs ist eine der haufigsten krebsbedingten Todesursachen bei Frauen. Wahrend ein Primértu-
mor oft gut behandelt werden kann, ergibt sich durch Metastasen eine sehr schlechte Prognose, und die
Ausbreitung in die Knochen ist eine der haufigsten Form der Metastasierung mit meist tédlichem Aus-
gang. Wahrend die zelluldre Beteiligung von Knochenmetastasen im Spatstadium der Metastasierung
in den Knochen héufig untersucht wurde, sind frithe metastatische Lasionen und die damit verbunde-
nen strukturellen und biophysikalischen Parameter sowie das dynamische (Re-)Modellierungsverhalten
des Knochens nicht gut verstanden. Wir stellen die Hypothese auf, dass solche strukturellen und bio-
physikalischen Verdnderungen in der Knochenmikroumgebung, die Entstehung und das Fortschreiten

von brustkrebsinduzierten osteolytischen Lésionen beeinflussen.

Um diese Hypothese zu iiberpriifen, wollen wir ein experimentelles Mausmodell fiir die Knochen-
metastasierung bei Brustkrebs entwickeln, bei dem wir frithe osteolytische Lésionen in 3D erkennen
und charakterisieren kénnen.

Um das dynamische Knochen(re)modellierungsverhalten in einem pathologischen Modell untersuchen
zu konnen, muss zunéchst eine physiologische Basislinie geschaffen werden. Die in-vivo MicroCT-
basierte Zeitraffermorphometrie ist ein leistungsfahiges Instrument um zeitliche und rdumliche Verén-
derungen in der Knochen(re)modellierung zu untersuchen. Hierfiir stellen wir eine Weiterentwicklung
der Methode zur Erkennung und Quantifizierung ortsspezifischer Unterschiede in der Knochen(re)modellierung
bei 12 Wochen alten weiblichen BALB/c-Nacktméusen vor. In dieser Arbeit bestimmen wir neue Pa-
rameter fiir die Knochenoberfliche und zeigen, wie diese von der Knochenkrimmung beeinflusst wer-
den. Wir beschreiben signifikante Unterschiede bei den Basisparametern der Knochen(re)modellierung
zwischen Metaphyse und Epiphyse, sowie zwischen distalem Femur und proximaler Tibia, sowohl fiir
kortikalen als auch fiir trabekuldren Knochen, was wichtige Auswirkungen auf Krankheitsmodelle hat.

Diese Basislinie der physiologischen Knochen(re)modellierung, gemessen mit unserer fortschrittlichen



MicroCT-basierten Zeitraffermorphometrie, wird verwendet, um die Verdnderungen der Knochen-
dynamik durch Knochenmetastasierung zu untersuchen. Zu diesem Zweck injizieren wir M&ausen
Brustkrebszellen und beobachten die Knochen(re)modellierung um pathologische Verdnderungen zu
erkennen. Wir zeigen in dieser Arbeit, dass tumorinjizierte Tiere ohne nachweisbare osteolytis-
che Lésionen deutlich héhere Parameter fiir neu mineralisierten Knochen im trabekuldren Bere-
ich aufweisen, verglichen mit gesunden Kontrollmadusen und mit &hnlichen Verldufen fiir kortikalen
Knochen. Dies deutet, selbst ohne nachweisbare Lésionen, auf einen Einfluss der Krebszellen auf die
Knochen(re)modellierung hin und kénnte eine mogliche Etablierung einer pria- oder antimetastatis-
chen Nische bedeuten.

Um frithe osteolytische Lésionen zu untersuchen, die durch Brustkrebszellen im Knochen verursacht
werden, entwickeln wir in dieser Arbeit ein Werkzeug zur Analyse erodierter Knochenregionen. Mit
diesem neuen mathematischen Werkzeug kénnen wir kortikale osteolytische Léasionen bereits zwei
Wochen nach der Injektion von Krebszellen erkennen und quantifizieren, wobei zwischen pathologis-
chen und physiologischen erodierten Knochenregionen unterschieden werden kann. Dariiber hinaus
identifizieren wir bereits zwei Wochen nach der Injektion von Krebszellen visuell Lésionen in der
priméren Spongiosa des trabekuldren Knochens, die direkt unter der mineralisierten Wachstumsfuge
liegt. Mit Hilfe der MicroCT-basierten Zeitraffermorphometrie kénnen wir erstmals drei verschiedene
Arten von frithen osteolytischen Lésionen im Knochen beschreiben: 1) kortikale Lésionen, die am
Periost beginnen, 2) kortikale Lésionen in der endokortikalen Region mit zusétzlicher trabekuldrer
Erosion und 3) trabekulire Lésionen in der primédren Spongiosa an der Wachstumsfuge.
Anschlieflend nutzen wir unsere in-vivo Ergebnisse, um die Ansiedlung von Krebszellen im Knochen
mit Hilfe der Lichtscheibenfluoreszenzmikroskopie und konfokaler Laser-Scanning-Mikroskopie zu un-
tersuchen, sowie die Gewebeverdnderungen, die durch frithe osteolytischen Lésionen entstehen mit
Hilfe der Riickstreuelektronenmikroskopie und moderner konfokalen Laser-Scanning-Mikroskopie zu
beleuchten.

Wir untersuchen die Grofie und Lage von Krebszellen im 3D (intakten) Knochen nach optischer
Kldrung mit Hilfe von Lichtscheibenfluoreszenzmikroskopie, die eine 3D-Quantifizierung der Ansied-
lung von Krebszellen im Knochenmark und dem umgebenden Knochengewebe erlaubt. Im Knochen-
mark siedeln sich die Krebszellen als kleine Zellhaufen in der Ndhe des endokortikalen Knochens an,
jedoch ohne erkennbare Préferenz fiir verschiedene Knochenkompartimente.

Eine weitere Analyse der Krebszellhaufen im Knochenmark ergab, dass ein erheblicher Anteil nicht



proliferiert. Dariiber hinaus haben Krebszellhaufen eine starke Tendenz, sich in Fibronektin-reichen
Bereichen anzusiedeln. Dies liefert neue Erkenntnisse iiber die strukturellen Merkmale der Krebszell-
nische.

Zuletzt flihren wir eine multiskalige Analyse der frithen metastatischen Lésionen mit verschiedenen
bildgebenden Verfahren durch und sind in der Lage, die Verdnderungen im mineralisierten Gewebe
sowie in der organischen Kollagenmatrix aufzuzeigen.

Zusammenfassend lasst sich sagen, dass wir die MicroCT-basierte Zeitraffermorphometrie nutzen, um
die Dynamik und das Auftreten von Knochenmetastasen zu untersuchen, einschlieflich einer Basislinie
zur Unterscheidung von der physiologischen Knochen(re)modellierung. Wir quantifizieren Verdnderun-
gen bei der pathologischen Knochen(re)modellierung in Abwesenheit von nachweisbaren osteolytis-
chen Lisionen. Auflerdem stellen wir ein neues Werkzeug zur Erkennung und Quantifizierung frither
osteolytischer Lasionen im kortikalen Knochen vor. Dariiber hinaus kénnen wir visuell trabekulére
Léasionen erkennen und sind in der Lage, drei verschiedene Arten von Lésionen in kortikalem und
trabekuldrem Knochen zu klassifizieren. Mithilfe fortschrittlicher multimodaler ex-vivo Gewebeanal-
ysen beschreiben wir die Ansiedlung von Krebszellen im Knochenmark in 3D und charakterisieren
die Knochenmikroumgebung bei frithen osteolytischen Lésionen. Unsere Arbeit liefert wichtige 3D-
Informationen und neue Perspektiven zu verschiedenen Stadien der Krebsforschung, einschliellich der
Debatte tiber pra- oder antimetastatische Nischen, Ansiedlung und die Entstehung von Metastasen in

den Rohrenknochen.






CHAPTER

Introduction

1.1 Bone microenvironment

The bone is a highly complex organ with many different essential functions, such as providing mechan-
ical stability and protection, being an important calcium storage and providing a niche for stem cells.
In order to fulfill all of these different functions, the bone is build in a diverse cellular and structural
composition, giving rise to many different physical and biochemical properties. An overview of these

cellular, structural and biophysical microenvironments is provided in the following.

1.1.1 Cellular microenvironment

The bone is comprised of a large number of different cell types, most of them present in the bone
marrow (Fig.1.1A). They interact on different levels and influence their activity and maturation. A
broad overview of the different cell types and their roles in the bone is given here.

Three types of cells are mainly involved in building and maintaining the mineralized bone tissue.
Osteoblasts are the bone-forming cells that produce the organic bone matrix and are responsible
for the mineralization process!!). If osteoblasts are spared from undergoing apoptosis at the end of a
bone formation cycle, they can get incorporated into the mineralized tissue, where they are turned into
osteocytes and can have a lifespan of decades. Osteocytes are the most abundant cells in the mineralized
bone tissue and account for 95% of all bone cells. During the embedding in the bone, osteocytes change
their morphology drastically, lose many cell organelles, as well as cytoplasm and acquire a stellar shape
with many thin extension. They remain connected with each other and osteoblasts on the bone surface

through these connections 2.
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Fig. 1.1: Schematic of the cellular microenvironment in the bone and simplified depiction of the HSC
and MSC lineage. (A) Schematic of cells in the cartilage (chondrocytes) and diaphysis of the bone including the
bone cells (osteocytes, osteoblasts and osteoclasts), endothelial cells and neurons, adipocytes, fibroblasts, macrophages
and megakaryocytes as well as HSCs and MSCs. (B) Simplyfied depiction of the general HSC lineage to immune cells,
macrophages and osteoclasts, as well as megakaryocytes. (C) Simplified depiction of the MSC lineage to chondrocytes,
osteoblasts, fibroblasts and adipocytes.® ) (created with BioRender.com)
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1.1. BONE MICROENVIRONMENT

The last cell type involved in maintaining the mineralized bone is the bone-eroding osteoclast, a unique
type of exocrine cell, that has the ability to dissolve bone mineral and degrade the extracellular matrix
(ECM) proteins[?. Osteoclasts are large cells with multiple nuclei that form by fusion of precursor
mononuclear cells 2.

The cortical bone has an outer periosteal and an inner endosteal surface. The periosteum has two
layers, an outer fibrous connective tissue layer and an inner cellular layer mostly containing osteopro-
genitor (fibroblast-like) cells. The endosteum on the other hand, is a membranous quiescent monolayer
mostly covered with flattened osteoprogenitor cells, referred to as bone lining cells! 7,

Next to the mineralized tissue, the cartilage is one of the tissues specific to bone, as it can also miner-
alize, a process known as endochondral ossification. Chondrocytes are the cell type found in cartilage
and responsible for providing a template for later ossification. They are also the first skeleton-specific
cell type to appear during development and provide several functions such as longitudinal growth or
mobility in the joints.

Aside from the mineralized tissue and cartilage, the bone marrow homes a large number of different
cells with essential functions for the entire body.

The bone is filled with blood vessels that form complex structures and different zones. These blood
vessels are lined with endothelial cells that can be sorted into three different categories: arteriolar,
sinusoidal and capillary endothelial cells B]. The perivascular niche is known to be one of the main
stem cell niches, but also expected to home different cancer cells.

Next to the highly complex vascularization network, a neural system is spanning the bone with neu-
rons enabling the sensation of pain or pressure?.

The bone marrow itself is home to additional cells with diverse functions such as adipocytes, known
also as fat cells and specialized in storing energy, or megakaryocytes - responsible for the production
of thrombocytes - as well as fibroblasts and macrophages 3! [4].

Aside from this complex cellular composition, the bone marrow also provides an important niche for
both haematopoetic stem cells (HSCs) and mesenchymal stem cells (MSCs). Both cell types reside in
the bone marrow and give rise to a large number of cells, with complex lineage trees that are presented
in a simplified version in the following. HSCs can differentiate into immune cells such as T-cells and
B-cells, and also give rise to macrophages and osteoclasts, as well as megakaryocytes (Fig. 1.1B). MSCs
can differentiate into chondrocytes, osteoblasts, fibroblasts and adipocytes (Fig.1.1C) 3,

The cellular composition of the bone is highly complex and the types, interactions and control mech-
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1. INTRODUCTION

anisms are still a subject of intense research today.

1.1.2 Structural microenvironment

Next to the cellular components, the bone is build of a complex structural microenvironment. This
includes the ECM many different proteins and proteoglycans building both soft and mineralized tissue,

as well as a rich vascular and neural network.

Extracellular matrix network

The ECM is a non-cellular, highly dynamic and complex 3D-network, that is composed 1) proteo-
glycans, 2) fibrous proteins such a collagen and fibronectin (FN) 3) glycosaminoglycans and 4) ma-
tricellular proteins like osteocalcin that provide a linkage between ECM proteins and cellular recep-
tors 4101 1] The most abundant proteins in the ECM of the mineralized bone tissue and bone marrow
are FN, collagen type I-X, laminin, tenascin, thrombospondin and elastin [4],

The distribution of ECM components in both the mineralized bone tissue and bone marrow is highly

10]022] ' The mineralized bone tissue is mainly built of collagens type I and III,

spatially organized!
osteocalcin, vitronectin, osteopontin and periostin4. The periosteum contains thick collagen type I
fibers, called Sherpey’s fibers, which extend into underlying bone tissue. The endosteum on the other
hand, is a membranous structure mainly containing collagen type ITI6!. Cartilage is mainly composed
of a network of collagen type II, interlocking with a mesh of other fibrous proteins, proteoglycans and
the glycosaminoglycans hyaluronic acid and chondroitin sulfate 3!, Lastly, the bone marrow contains
collagen IV, laminin and fibronectin 4.

While the ECM regulates structural scaffolding, stiffness and deformability of tissues, it also serves

as a major source of proteases and growth factors [14]

, linking the biophysical and biochemical cues.
Some ECM components also contain direct binding units for cell interactions and mechanotransduc-
tion processes. The triple-helical motif of collagen for example, can be bound by cell receptors directly
and FN contains an arginine-glycine-aspartic acid (RGD) motif that provides attachment for cells via
integrins [4].

The ECM composition, architecture and spatial distribution has mainly been studied with histo-
logical and immunostaining of thin and thick tissue sections, combined with (polarized) light mi-

croscopy (61101 [15]  Although these technique have given many important insights, they rely on the

quality of antibodies and limit the 3D information to a few micrometers in depth. The collagen fib-
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1.1. BONE MICROENVIRONMENT

rils on the other hand, possess a high nonlinear susceptibility and can therefore be studied with the
help of second harmonic generation (SHG) microscopy '%. No additional staining is required with this
technique and fibrillar collagen can be studied in a depth of 10 — 100 pm, even in fully mineralized
tissue'7. New imaging tools like light-sheet fluorescence microscopy (LSFM) might be powerful tools

to gain further information on the distribution of ECM proteins and components in 3D 18/ [19],

Mineralized tissue

The mineralized tissue of the bone is an organic-inorganic composite material. The main building
blocks are protein fibrils - predominately collagen type I -, mineral crystals composed of hydroxyapatite
and water [29), The collagen fibrils have a length of around 300 nm, with 1.5 — 4 nm thick hydroxyapatite
nanocrystals deposited along them 2122, These fibrils then assemble larger fibers that build the
compact bone, embedding osteocytes into their structure. These osteocytes sit in lanunae, with a
network of channels referred to as canaliculi, both building the lacunar canaliculi network. This network
is known to fulfill several different functions, including intercellular transport and communication,
mechanosensation connected to the regulation of bone (re)modeling, as well as endocrine functions and
communication with a number of other organs?3l. The mineralized tissue can be studied with various
techniques from macro- to nanometer scale. While backscattered electron (BSE) microscopy can be

used to study the differences in mineral content at a high resolution *4

, microcomputed tomography
(microCT) allows a 3D view of the mineralized tissue!?”). In addition, the lacunae canaliculi network
can be studied with the help of (advanced) microCT (261 stainings like rhodamine combined with

confocal laser scanning microscopy (CLSM) 271128] and more advanced electron microscopy methods

that allow high resolution imaging 2.

Bone vasculature

Both the periosteum and the bone marrow are highly vascularized tissues (Fig. 1.2). The inflow into the
bone marrow is considered to emerge from one or several arteries entering the bone either midway along

the shaft or at the epiphysis and link to the dense network of capillaries in the bone marrow 30 B,

(32133] and connect

Arterial capillaries are connected to the venous tree by transition zone vessels
through sinusoids into a large central sinus®. In addition, Griineboom et al. recently discovered an
additional network of trans-cortical vessels, expressing both arterial and venous markers. They showed

to carry 80% of arterial and 59% of venous blood and traverse the cortical bone perpendicularly along
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1. INTRODUCTION

the shaft, connecting the bone marrow capillaries to the periosteal circulation 8.

One important technique that was used in this discovery was LSFM of optically cleared bones. In
the clearing process, water in the bone tissue is first replace with ethanol and then substituted with
the organic solvent ethyl cinnamate without dissolving the mineral, leading to the mineralized tissue
becoming transparent as the solvent matches the refractive index of the bone'8139] (Refractive indices:
water 1.33, ethyl cinnamate 1.56, mineralized bone 1.56361). LSFM, illuminating only a (virtual) thin
slice of the fluorescent sample®”), can then be used to study structural and cellular elements of the

bone microenvironment in 3D without sectioning.

Fig. 1.2: Highly vascularized bone marrow of the tibia, stained with DAPI (nucleus) in blue and CD31 (en-
dothelial cells, hence blood vessels) in red. (Scale bar corresponds to 500 pm.)

1.1.3 Biophysical microenvironment

Both cellular and structural components of the bone microenvironment are highly connected to the
biophysical properties of the bone. Some parameters like stiffness and tension have been in the fo-
cus, as they change dramatically in different compartments of the bone, for example between the

mineralized tissue and the bone marrow. Next to mechanical parameters like rigidity, stiffness and
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1.2. MINERALIZED BONE (RE)MODELING

(3811391 people have studied the influence of curvature on tissue growth in the bonel!” or the

tension
osmotic pressure induced forces in tendon®?. Other interesting parameters that connect both the
chemical and physical disciplines, are the changes in pH and oxygen levels. All these parameters are
often very difficult to study or measure especially in fully or partly intact bones and appropriate tools
still need to be developed. More accessible in vitro systems have shown though, that the biophysical
parameters have an essential influence on both cellular and structural properties, leading to stem cell
fate changes111421143] cell life and death control via geometrical control4 and in a more previous ez

vivo study the loss of tension in cancer infiltrated tissues!#?!

1.2 Mineralized bone (re)modeling

In its role as mechanical support system to our body, the bone has to continuously adapt to external
stimuli and changes with bone damage repair mechanisms. On the tissue level, two different processes
can be described, that are involved in the formation of bone and the adaptation process, describing
the dynamic changes in bone structure, referred to as bone modeling and bone remodeling, or in short
bone (re)modeling46! #7148 Bone modeling refers to the process to remove or add bone material with
the aim of structural adaptation, without a spatio-temporal connection between new mineralization
and erosion!* (Fig.1.3A). In bone remodeling (Fig.1.3B) on the other hand, the purpose is bone
maintenance or damage repair and for this osteoclasts are recruited to a specific area for bone erosion,
followed by a recruitment of osteoblasts that lead to new mineralization 46,

Two important factors responsible for local osteoblast differentiation and hence new mineralization
are bone morphogenetic protein (BMP)P% and wingless (Wnt)[®!l. BMP regulates the expression of
runt-related transcription factor 2 (RUNX2), while Wnt signaling is a key pathway in bone formation.
In the canonical Wnt pathway, several factors are activated that are crucial for osteoblast differenti-
ation?, while there is also evidence towards an inhibition of receptor activator of nuclear factor-xB

ligand (RANKL), negatively regulating osteoclasts®?.

Osteoclast differentiation on the other hand,
is initiated through c-fms, which is a receptor for macrophage colony stimulating factor (MCSF') and
upregulates expression of receptor activator of nuclear factor-«B (RANK) 53], The corresponding lig-
and RANKL is expressed by osteoblasts and stromal cells. Signaling through c-fms and RANK is the

key driver for osteoclast formation and continued signaling is necessary for osteoclast survival. RANK

signaling is activated through RANKL, which can on the other hand be blocked by osteoprotegerin
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(OPG), inhibiting RANK signaling and hence bone erosion? (Fig.1.3C).
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Fig. 1.3: Schematic of bone modeling and remodeling, as well as the interaction between osteoblasts and
osteoclasts. (A) Depiction of bone modeling with erosion and mineralization spatially and temporally independent,
(B) remodeling of bone with erosion followed by mineralization and (C) interaction between osteoblast and osteoclast,
as well as differentiation factors (including a legend). (created with BioRender.com)
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1.2. MINERALIZED BONE (RE)MODELING

1.2.1 Methods to study bone (re)modeling

The changes of the mineralized tissue during bone (re)modeling have been studied with several different

methods, including advanced ex vivo or in vivo imaging or a combinations of different techniques.

2D dynamic histomorphometry

The classic method to study bone (re)modeling in mice is 2D dynamic histomorphometry, making use

[48] [54] [55] [56] [57] . For this method, fluorescent dyes like calcein are injected

of fluorochrome labeling 47!
into the living animal and integrate into the bone during new mineralized bone formation. When
different or the same dye are injected at different time points, the evolution of new mineralization
in between those time points, as well as the bone turnover can be studied (Fig.1.4A). The animal
has to be sacrificed to obtain the information using CLSM, leaving no room for in vivo monitoring.
The method has been used in many different studies and different models. However, the technical

difficulties and errors occurring from complex imaging and frequent injections of the animals make it

a very time-consuming method, limited to mainly 2D information obtained ex vivo.

Static in vivo microcomputed tomography

A different method that gives more flexibility with in vivo monitoring and allows the quantification
of bulk changes in bone in 3D is static microCT with an exemplary image of one section shown in
Fig. 1.4B.

For microCT imaging, an X-ray beam is traversing an object leading to a change in attenuation
depending on the nature of the material. Bone can be studied very well with microCT, as the calcium
in the mineralized tissue is a higher atomic number structure, absorbing more X-ray photons than
the surrounding soft tissue with lower atomic number structures. Within the microCT, the X-ray
source and 2D detector are oriented towards each other. Two different instrument configurations have
been implemented for in vivo microCT imaging vs. in vitro/ex vivo imaging of samples. The specimen
rotates in the in vitro systems, whereas the X-ray source and the detector are rotating around the
animal in in vivo systems. At several positions, a 2D projection image is acquired and the final 3D
image is obtained by a full set of 2D angular radiographs recorded usually over 180° or 360°. For the
conversion to the 3D image, different reconstruction methods exist, however the most common method

is the filtered backprojection 58l
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Static microCT has significantly advanced the possibilities to study bone (re)modeling as it allows
several in vivo measurements at pm resolution. The microstructure and density of the bone at a given

61162][63] ' By comparing different time points, a longitudinal

time point can be quantified 25 591 [60][
assessment of changes in the bone structure and density is possible®4. Parameters frequently obtained
for cortical bone are: total volume (TV) (describing the total volume of both soft and mineralized
tissue), bone volume (BV) (describing the mineralized tissue volume), bone volume fraction (BV/TV)
and bone surface over bone volume (BS/BV). For trabecular bone standard parameters are TV,
describes the marrow volume containing the trabeculae, BV and BV/TV, as well as the more specific
parameters of trabecular number (Th.N), thickness (Th.Th) and separation (Th.Sp)[??. As limitation,
the animals get exposed to high levels of radiation, which can influence the bone (re)modeling and
cellular composition of the marrow. Further, the dynamic evolution of the (re)modeled bone over time

and the spatial information of specific formation and resorption events, cannot be obtained with static

microCT.

2D dynamic histomorphometry B microCT image for static analysis dynamic microCT analysis

|
Calcein |
double label |

Mineralized bone Constant bone

Fig. 1.4: Different methods to study bone (re)modeling. (A) Calcein label (we thank Dr. Victoria Schemenz
for providing the image), (B) in vivo CT, single time point (C) microCT-based time-lapse morphometry.

Dynamic in vivo microcomputed tomography-based time-lapse morphometry

In the past years, several groups have further developed microCT-based bone analysis to acquire
more detailed spatio-temporal information. With the help of dynamic in vivo microCT-based time-
lapse morphometry, temporal and spatial monitoring of both bone mineralization and erosion events

[65] [66] [67] [68] [69] ' MicroC'T scans of the same animal are acquired at different time

becomes possible
points, repositioning the animal in the same location as well as possible in each scan. The datasets of
later time points are then geometrically aligned (registered) to compensate for changes during reposi-

tioning. By comparing the well aligned datasets from two different time points, newly mineralized and
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1.3. BREAST CANCER BONE METASTASIS

eroded bone voxels can be evaluated. The method allows for the quantification of volumes, surfaces,
thickness/depth and rates of bone mineralization and erosion, all with respect to the initial bone
structure.

Parameters that are frequently acquired with this method are normalized newly mineralized bone
volume (MV/BV) and normalized eroded bone volume (EV/BV) (volume parameters), normalized
mineralized bone surface (MS/BS) and normalized eroded bone surface (ES/BS) as surface parame-
ters and 3D mineral apposition rate (MAR) as well as 3D mineral resorption rate (MRR) for dynamic
analysis. The evaluation of the mineralized and eroded bone surface was based on 2D histomorphome-
try. The surface of newly mineralized bone was described by looking at the interface between constant
and newly mineralized bone - being the original bone surface at the reference day, now covered by
newly mineralized bone. The eroded surface was defined as the interface between eroded bone and
soft tissue - which also describes the original bone surface at the reference day, now eroded (66167,
This analysis leaves room to study two additional interfaces, being the newly mineralized - soft tissue
interface and the eroded bone - constant bone interface.

The accuracy of the method was studied and confirmed by comparison with 2D dynamic histomor-
phometry using fluorochrome labeling for corticall® and trabecular[™ bone. Also the precision of

661711 T

the method, depending on the respective instrument used, has been reported in the past
addition, the method has been used to show differences between (re)modeling at the endosteal and
periosteal surfacel™, or between different cortical regions (proximal metaphysis and mid-diaphysis)

73]

of the same limb[™]. The method can be used to study physiological (re)modeling or (re)modeling

[74] [75)

in various disease models One of the main limitations is the exposure of the animals to radia-

tion.

1.3 Breast cancer bone metastasis

Breast cancer is one of the leading causes for cancer-associated deaths among woman worldwide!76].

Often breast cancer metastasizes to bone, where it leads to osteolytic lesions["”! and drastically lowers
the prognosis by being considered incurable using currently available therapies ™. In general, breast
cancer is classified into four subtypes: 1) luminal A, 2) luminal B, 3) basal-like and 4) human epidermal
growth factor receptor 2 (HER2)-enriched ™). Some additional histological and molecular character-

istics are currently taken into account leading to a distinction between 1) hormone receptor-positive
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(tumors expressing oestrogen receptor (ER) and/or progesterone receptor (PR)) and 2) triple-negative
(tumors expressing neither ER, PR nor HER2) breast cancer (78],

Human breast cancer cell lines are frequently used in immunodeficient mouse models (xenograft mod-
els). ER positive luminal A cell lines like MCF-7 or T47D, only form tumors in the presence of
oestrogen, while cell lines from other subtypes for example BT474, MDA-MB-468 or MDA-MB-231
have been shown to be highly tumorigenic. Cell lines from the HER2-enriched subtype like SKBR3
and MDA-MB-453 on the other hand, have only weaker tumorigenic potential 8. The MDA-MB-231
cell line has proven useful in models of experimental metastasis, where the cells are directly introduced
into the blood circulation. Massague’s group has performed several rows of selection to develop highly
metastatic derivatives for specific organ tropism such as bone and lung8!.

The MDA-MB-231 cell line was established from the adenocarcinoma of a 51-year-old caucasian fe-
male and is known to be highly aggressive and invasive in in vitro studies. To study bone metastasis
via an experimental model with intracardiac injection, a sub-line of the original MDA-MB-231 cell
line was used in this study. The sub-line 1833 was derived by intracardiac injection of mice with the
parental cell line, followed by harvesting of the metastasized cells from the bone. In comparison to
other sub-lines, the 1833-line is still considered parental like in a gene expression experiment, although

clear differences can be observed 811,

1.3.1 Mouse models of bone metastasis

As bone metastases are among the most frequent sites of metastasis from breast cancer, animal models
are an important tool to investigate the progression of the disease and develop treatment strategies.
An ideal model of metastasis should reproduce the genetic and phenotypic changes that occur with
human cancers, permitting tissue invasion at the primary site, intravasation as well as extravasation to
the secondary site, survival and proliferation in the bone marrow and modification of bone structure
and function. As spontaneous bone metastasis in animals is uncommon, most animal models must
be derived experimentally. In general, animal models of metastasis can be categorized as follows: 1)
spontaneous tumors and metastasis, 2) syngeneic transplantation of spontaneously occurring cancers,
3) chemical induction of cancers, 4) transgenic mouse models and 5) xenografts of human tumors or
cell lines to immunodeficient rodents (Fig. 1.5)52),

Within the xenograft models, different methods can be applied to study specific steps of the metastatic

process (Fig. 1.5) (82] Orthotopic models are used if the intravasation or the pre-metastatic niche are
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1.3. BREAST CANCER BONE METASTASIS

investigated, injecting cancer cells directly into the mammary gland 3283, To study the metastatic
phase, the most direct and reliable form is the injection of cancer cells into the long bones. Advanced
metastatic disease can be studied with this model, but a main disadvantage is the bone tissue damage
through the injection and consequent alteration in bone (re)modeling, which is directly linked with
tumor progression. Therefore, a different model of metastasis makes use of injecting cancer cells directly
into the blood stream. With the help of these models, extravasation to the secondary site and early as
well as advanced bone metastases can be studied. For lung metastases, an intravenous injection is used,
while bone metastases can be achieved by intracardiac injection into the left ventricle or intracaudal

arterial injection 8.
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Fig. 1.5: Mouse models of (bone) metastasis Depicting spontaneous, syngeneic, chemical and transgenic models
as well as the xenograft models using intratibial, intracardiac and mammary gland injections (orthotopic model). [82]
(created with BioRender.com)

1.3.2 Bone metastatic niche

Breast cancer frequently metastasizes to the bone, undergoing different stages of activity, from a
dormant stage that can last up to decades, to fully active metastases that massively change the

bone structure up to skeletal morbidity 8% (Fig.1.6). Even before the arrival of cancer cells to the
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bone, changes in the bone microenvironment have been postulated and described as the premetastatic

niche (861,

Premetastatic niche Dormant niche y Metastatic niche
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Fig. 1.6: Schematic showing the different stages of metastatic outgrowth. A) The site of the primary tumor
in the breast tissue with cells intravasating into the blood stream. B) Premetastatic niche influenced by primary tumor
derived factors leading to possible alterations in bone (re)modeling, prior to arrival of cancer cells. C) Dormant breast
cancer cell in either the endosteal or perivascular niche. D) Metastatic niche with a growing tumor mass, recruiting
cells to form osteolytic lesions. (created with BioRender.com)

Much work has been reported on primary tumor growth, invasion (Fig.1.6A) and advanced overt
metastasis, but less is known about the intermediate stages such as the premetastatic niche (Fig. 1.6B),
dormant niche (Fig.1.6C), early metastasis (Fig.1.6D) or the antimetastatic niche. Furthermore, in

each of these phases, specific changes in the bone cellular, structural or biophysical microenvironment
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occur that influence the progression of the disease. Much focus has been put on describing the cel-
lular and molecular environment, while less is known about the structural and biophysical changes

occurring.

Premetastatic niche

Fundamental discoveries in the last years have shown, that primary tumors induce changes in the
microenvironment of distant organs, making them conducive to the survival and outgrowth of tumor
cells, even before they have arrived at these sites (Fig.1.6B)[7[56 Since these first fundamental
findings, many studies have explored the complex molecular and cellular changes occurring in the
premetastatic niche!8 and it has become clear that remodeling of the ECM is crucial for establishing
the premetastatic niche. Important evidence of the premetastatic niches exists for other organs like
the lung®0 89 yet the data for the bone marrow niche is limited to the context of endocrine-like

901 A recent finding by Chiou et al. shows more mineralized bone formation after injection

actions
of tumor conditioned media, pointing towards an osteoblastic reaction in the premetastatic niche,
preceding late-stage osteolytic disease, although this causality has not been shown for breast cancer
bone metastasis®Y. It is clear, that much more research is necessary to understand the dynamic

changes occurring in the bone marrow on a cellular, molecular, structural and biophysical level, in

response to premetastatic conditioning.

Dormancy inducing niche

The spread of cancer cells to the bone is a multi-step process that begins with the colonization, when
circulating tumor cells enter the bone marrow and engage with different bone niches. As a survival
mechanism in the new environment, cancer cells might enter a phase of dormancy lasting up to several
decades (Fig. 1.6C). Next, cells need to have the ability to escape from dormancy (if they had entered
this phase) and start to proliferate to form micrometastasis. In the final step, cancer cells grow uncon-
trollably and form irreversible macrometastasis modifying the bone microenvironment drastically (7).

The phase of dormancy is especially interesting, because relapse and metastatic outgrowth can occur
20-25 years after tumor resection, implying that the cells are growth arrested and hence dormant

in that time!92

. Three different mechanisms of dormancy have been identified: 1) escape from im-
munosurveillance, 2) angiogenic tumor dormancy in larger tumors with a balanced cell division and

apoptosis and 3) dormancy of solitary cells (cellular dormancy) with a growth arrest in the GO-G1
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phase of the cell cycle!®3l. Dormant single cells have typically low Ki67 expression, high p21 and p27

941 Although several markers have been associated with

expression, as well as phosphorylated p38
dormancy, there is an ongoing discussion in the field and usually a combination of several markers is
used to define dormancy. The absence of Ki67 though, is often used as a first indicator for a growth
arrest.

In the bone two main 'niches’ have been described to support cellular dormancy: the endosteal and the
perivascular niche. The endosteal niche mainly consists of a quiescent layer of bone lining cells that
connect to the osteocyte network in the mineralized bone!™. It has been shown, that tumor cells that

[95] As the endosteal bone surface

metastasize to secondary organs, follow mechanisms from HSCs
is in the focus as a HSC niche, an open hypothesis of cancer cells hijacking this niche is currently
debated. The perivascular niche on the other hand has been associated with dormancy %, although
changes (e.g. sprouting) in the perivascular niche have been shown to increase cancer cell growth 7.
In general the long latency of bone metastasis suggests that the dormancy supportive niche is rather
stable and does not undergo short-term change. Overall, the question of the niche is a developing field
with controversies that will benefit from better (3D) imaging techniques, in vivo and ez vivo, that
will shed light on this topic. Although the concept of dormancy has become an important focus point
in metastasis research, there are many open questions surrounding this topic, especially in the bone
microenvironment. It is unclear for now which structural and biophysical parameters can lead to dor-
mancy or relapse, which regions of the bone are providing a dormant or even antimetastatic niche and

how dynamic parameters like bone (re)modeling, also due to injury, might influence dormant cancer

cells.

(Early) metastatic niche

Metastasis of breast cancer cells to the bone causes osteolytic lesions leading to skeletal morbidity with

351 The outgrowth of cancer cells

major complications and reduction of overall survival in patients
in the bones undergoes two stages as described above, with early lesions caused by micrometastasis
(Fig. 1.6D) and larger lesions and skeletal morbidity due to macrometastasis. The mechanism leading
to macrometastasis with large osteolytic lesions and the effects on the bone microenvironment have
been studied and are referred to as the 'vicious cycle’. It has been shown, that cancer cells can directly

[98]

stimulate osteoclasts through interleukin-11° or indirectly induce osteoclastogenesis by altering the

RANKL/OPG production of osteoblasts and osteocytes 991 During bone resorption, factors are re-
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'[100] ' The mechanism and

leased that further stimulate tumor growth, completing the ’vicious cycle
dynamics triggering the onset of early lesions on the other hand, have not been studied in depth and
the actual cause of bone resorption is not clear, as in vitro experiments have shown, that direct resorp-
tion of bone by human breast cancer cells is also possible 19U, It has been shown though, that younger
mice (6-week-old) tend to have more metastasis forming, even if the initial number of cancer cells
arriving in the bone marrow is comparable to older mice (16-week-old) 192, In addition, the influence
of the structural and biophysical bone microenvironment on metastasis development and, vise versa,
their changes due to tumor outgrowth, are not well understood. On this line, He et al. were able to
show, that the outgrowth of tumors influences the hydroxyapatite nanostructure in the mineralized

tissue 103],
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1.4 Aims of the study

We hypothesize, that the structural and biophysical microenvironment in the bone modulate the es-

tablishment and progression of an osteolytic lesion caused by breast cancer metastasis. To address this

hypothesis, we aim to develop an experimental mouse model of breast cancer bone metastasis for the

3D visualization and characterization of the early bone metastatic niche. With this model we want to

study (i) pathological alterations in bone (re)modeling in the absence of detectable osteolytic lesions,

(ii) establish a tool to detect and characterize the small osteolytic bone lesions and (iii) study the

cancer cell niche in the bone microenvironment.

This thesis is structured in two different parts, firstly in vivo work and secondly ex vivo work, both

with several specific aims:

26

. Aim: To define baseline parameters of physiological (re)modeling in specific bone areas, in order

to quantify the dynamics of bone (re)modeling in a reliable way, while also being sensitive enough

to detect region specific pathological alterations.

. Aim: : To quantify changes in the bone (re)modeling dynamics after cancer cell injection in

animals without detectable osteolytic lesions in the long bones.

. Aim: To establish a sensitive and robust tool able to detect the onset and track the growth of

small osteolytic lesions in cortical bone, while being able to distinguish them from physiological

bone erosion.

. Aim: To detect and categorize all types of osteolytic lesion in both cortical and trabecular

bone.

. Aim: To visualize and map in 3D fluorescently labeled cancer cells and small cell clusters in

the marrow of 3D (intact) bones using 3D LSFM.

. Aim: To characterize the proliferation activity and the structural microenvironment of cancer

cells and small cell clusters in the bone marrow.

. Aim: To characterize the structural and biophysical microenvironment of small osteolytic le-

sions at early stage bone metastasis using multiscale and multimodal imaging tools.
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Materials and Methods

Experiments were carried out in two separate parts starting with the in vivo analysis, determining
the point of sacrifice for the animals and the later ex vivo analysis of the bones (femur and tibia). For
the in vivo work different groups of animals were used: 1) healthy animals with phosphate buffered
saline (PBS) injections that were monitored for up to 45 days (n = 7), 2) healthy animals with PBS
injections that were monitored for 17 days (n = 3), 3) cancer cell injected animals that showed os-
teolytic lesions in tibia and/or femur based on microCT imaging (n = 6) and 4) cancer cell injected
animals that did not show osteolytic lesions (n = 5). The main tool of analysis for the in vivo work
was microCT imaging (Fig.2.1A and B). Animals were either sacrificed after an osteolytic lesion was
detected in one of the four bone regions with the help of microCT imaging, or if the animal fulfilled
any of the humane endpoint criteria (for example dramatic loss of weight or limping). Consequently,
bones from tumor animals were harvested at time points ranging between 17 and 38 days.

For the ex vivo work, both limbs of all animals (2 femora and 2 tibiae each) were harvested. Two
different methods of embedding without demineralization were used for analysis with different tech-
niques: resin embedding and cryo-embedding. One tibia and one femur (in preference with osteolytic
lesion) from each animal was embedded in resin with additional rhodamine staining, while tibiae were
in addition optically cleared and measured with LSFM. After controlled angle cutting to expose the
osteolytic lesion, sections were histologically stained and the block was analyzed with CLSM and BSE
imaging (Fig.2.1C). One tibia and one femur from each animal (in preference without osteolytic le-
sion) were cryo-embedded and sectioned with Kawamoto-films for immunofluorescence (IF) staining
against the cell proliferation marker Ki67 and FN (Fig.2.1C). The methods are explained in detail in

the following sections.
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Fig. 2.1: In vivo and ex vivo workflow used for multiscale characterization. (A) Schematic of the in vivo
injection and monitoring with microCT twice per week for up to 45 days. (B) Depiction of the workflow for dynamic
microCT-based time-lapse morphometry including registration, segmentation, evaluation and eroded bone patch anal-
ysis. (C) Ez vivo workflow for one limb per animal, preferably with an osteolytic lesions, including LSFM for tibiae,
rhodamine staining and resin embedding of mineralized bones, controlled angle cutting, histological staining as well as
structural and mineral analysis. (C) Ez vivo workflow for the other limb of each animal, including cryo-embedding of
mineralized bones, Kawamoto sectioning and IF staining against FN and Ki67. (created with BioRender.com)
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2.1. In vivo PROCEDURES

2.1 In vivo procedures

2.1.1 Animal model

12-week-old female BALB/c nude mice (CAnN.Cg-Foxnlnu/Crl, Charles River, Sulzfeld, Germany)
were received and acclimatized in the animal facility of the Charité - Universitdtsmedizin Berlin. The

mice were housed 2-4 animals per cage with ad libitum access to food and water.

A reference microCT scan was acquired at day 0 and mice were injected after 4 days, under ultrasound
guidance (Vevo2100, FUJIFILM VisualSonics Inc., Canada), into the left ventricle of the heart (one
injection per mouse) using a 27 G needle. The mice used to study physiological bone (re)modeling (n
= 7) were injected with PBS to ensure compatibility after this stressful procedure. Three additional
mice were injected with PBS (n = 3) and sacrificed at day 17 for better comparison in ex wivo
experiments with tumor animals, keeping the age of the animals and the exposure to radiation of
the microCT as similar as possible. The tumor animals (n = 11) were injected with MDA-MB-231-
1833 BoM cells (5 x 105 cells in 100 pL ice cold PBS). The animals received Carprofen (CP-Pharma
Handelsgesellschaft mbH, Burgdorf, Germany) and Buprenorphin (CP-Pharma Handelsgesellschaft
mbH, Burgdorf, Germany) as analgesic drugs during and after the injection. During longitudinal
in vivo imaging and the intracardiac injection, the animals were anesthetized using isoflurane (CP-
Pharma Handelsgesellschaft mbH, Burgdorf, Germany) at 1-2% with oxygen as a carrier and the eyes
were protected from drying with Pan-Ophtal gel (Dr. Winzer Pharma GmbH, Berlin, Germany). The
initial average animal weight was 19.7g + 1.7 g for PBS animals and 20.3 g + 1.9 g for tumor animals.
The weight at sacrifice for the PBS mice used to study physiological bone (re)modeling 45 days later
was 19.6 g + 2.1g and 19.5g + 0.6 g for the animals sacrificed after 17 days. The weight at sacrifice for
the tumor animals at the respective time points between day 17 and 38 was 19.2g 4+ 2.0g. All animal
experiments were carried out according to the policies and procedures approved by local legal research

animal welfare representatives (LAGeSo Berlin, G0224/18).

2.1.2 Cell culture

MDA-MB-231-1883 BoM cells were provided by Dr. Joan Massagué and purchased from the Anti-
body and Bioresource Core Facility of the Memorial Sloan Kettering Cancer Center, USA 1], Briefly,
MDA-MB-231 (ATCC ® HTB-26™) human epithelial breast cancer cells were stably transduced with
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a lentivirus expressing a triple-fusion reporter, forming MDA-MB-231 TGL cells. The TGL reporter
is a single fusion protein with three functional subunits under a single open reading frame. It allows
the expression of green fluorescent protein (eGFP) (fluorescence), firefly luciferase (bioluminescence)
and herpes virus 1 thymidine kinase (nuclear imaging technique) (104 The here used subclone 1833
is a bone tropic human cell line derived from a metastasis formed by these MDA-MB-231 TGL cells
hosted in a mouse ). MDA-MB-231-1883 BoM cells were cultured in low glucose Dulbecco’s Modi-
fied Eagle’s Medium (DMEM) (Sigma-Aldrich, Taufkirchen, Germany) supplemented with 1% peni-
cillin/streptomycin (Gibco) and 10% fetal bovine serum (FBS superior, Sigma-Aldrich, Taufkirchen,

Germany). The cells were grown at 37°C with 5% COg and regular passaging.

2.1.3 Longitudinal in vivo microcomputed tomography image acquisition

Longitudinal imaging of the hind limbs of the mice was performed with an in wvivo high resolution
microCT (U-CTHR, MILabs, Netherlands). The X-ray tube was operated at 50 KVP source voltage
and 210pA source current. Images were acquired at a step angle of 0.375° with 2 projections per
step (75 ms exposure time), over a range of 360° and with 8.5um voxel size. Two aluminum filters
with 100 pm and 400 pm thickness were used against beam hardening. The scan region included the
entire femur and tibia of both hind limbs and was determined on an X-ray scout view. To prevent
motion artifacts and ensure reproducibility, the anesthetized mice were positioned using an animal
bed with the hindlimbs restrained. The scans were reconstructed using the MILabs Reconstruction
software and a projection filter (Hann) was applied in the process to limit blurring. The scanner was
calibrated before every scan using the internal calibration system. The animals were scanned with
the microCT for a reference scan (day 0, 12-week-old). After 17 days, the animals were scanned twice
per week up until maximum 45 days (on day 17, 20, 24, 27, 31, 34, 38, 41 and 45) as shown in
Fig.2.1 A. Anesthetized mice were sacrificed by cervical dislocation. The hind limbs were harvested
and fixed with 4% paraformaldehyde (PFA) in PBS over night at 4 °C and stored in PBS until further

processed.

2.1.4 Dynamic microcomputed tomography-based time-lapse morphometry

105]  To assess

The analysis was performed in accordance with Birkhold et. al.[%) and Young et. al.l
morphological changes due to physiological bone (re)modeling, microCT scans of time points once per

week (day 17, 24, 31, 38 and 45) were compared to the reference scan at day 0 which ensures full in-
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formation for all time points and no loss of events by changing the reference scan. In contrast, all time
points (day 17, 20, 24, 27, 31, 34, 38, 41 and 45) were used to study differences in bone (re)modeling
between tumor and control animals.

For physiological bone (re)modeling only the right limb of control animals injected with PBS were
taken into account (n==6), while for the differences in bone (re)modeling of tumor and control mice,
both limbs were used. The regions of interest (ROIs) were set at the distal femoral metaphysis and
the proximal tibial metaphysis, reaching 10% of the total bone length. Each region of interest (ROI)
started at the end of the non-mineralized growth plate, on the interface where the primary spon-
giosa of the metaphysis is found, reaching towards the diaphysis. The ROI included both primary
and secondary spongiosa of the metaphysis (Fig.3.2B, with epiphysis in light gray and metaphysis
in dark gray). The entire epiphysis and other connected bones were manually segmented from the
metaphysis. The threshold to remove the background was determined using the 3D Otsu-Method [196]
(tool provided by Amira software, Amira 2020.1, Thermo Fisher Scientific, MA, USA) and a list of all
used thresholds is reported in supplementary Table B.1, B.2, B.3, B.4 for healthy PBS animals and in
Table B.5, B.6, B.7 and B.8 for tumor animals.

The registration process and following evaluation was performed in accordance with Birkhold et
al.[6 and Young et al.'®). The images were pre-processed and aligned using Amira. During the
pre-processing step, the dataset was pre-cropped to the respective ROI. The epiphysis and other con-
nected bones such as the fibula were removed by manual segmentation.

For the registration process, later time point images were registered onto the reference image (day
0) using a 3D rigid registration algorithm. The threshold determined as described above was used to
exclude background noise from the registration, while keeping the gray scale of the respective bone
region data set. A hierarchical strategy was chosen for the registration to avoid local minima, starting
with coarse resampling and proceeding to finer resolutions under visual control to ensure correct reg-
istration. After the registration, the images were transformed into the same coordinate system using
a Lanczos interpolation, keeping the voxel size constant. The images were then re-cropped according
to the corresponding ROI.

The ROIs were then segmented into trabecular and cortical bone using morphological operations as
described by Birkhold et al.%] and evaluated, both using custom-made MATLAB (MATLAB 2018a;
The Mathworks, Inc. Natick, MA, USA) scripts. Bone morphological changes were evaluated as previ-

ously described: MV /BV (normalized parameters are divided by the respective bone volume or bone
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surface of the reference scan) shown in Fig.2.2A in blue, normalized mineralized bone surface-to-soft
tissue interface (MSgy/BS) (newly introduced parameter from this work, Fig. 2.2B in lined blue), nor-
malized mineralized bone surface-to-constant bone interface (MScp/BS) (Fig. 2.2C in hatched blue),
MAR (mean thickness of formed bone in pm/day), EV/BV shown in Fig.2.2A in red, normalized
eroded bone surface-to-soft tissue interface (ESgp/BS) (Fig.2.2B in lined red), normalized eroded
bone surface-to-constant bone interface (EScp/BS) (newly introduced parameter from this work,

Fig.2.2C in hatched red), as well as MRR (mean depth of resorbed bone in pm/days).

A Flat Convex Concave

. Soft Tissue

[[] Constant Bone B Mineralized Bone B Eroded Bone

ey w0y 777
A / l/ /l

Constant Bone (Normalized) Mineralized bone surface-to-soft tissue interface (MS,,/BS)
Mineralized Bone (Normalized) Mineralized bone surface-to-constant bone interface (MS_,/BS)
Eroded Bone /] (Normalized) Eroded bone surface-to-soft tissue interface (ES,/BS)

. Soft Tissue (Normalized) Eroded bone surface-to-constant bone interface (ES_,/BS)

Fig. 2.2: Sketch of how four distinct interfaces are strongly influenced by surface curvature. (A) Schematic
of the output of a microCT scan registration, with mineralized bone (blue) and eroded bone (red), constant bone (yellow)
and soft tissue (black), on a flat, convex or concave surface. Different definitions of forming and resorbing bone surfaces
on the interface with (B) soft tissue or with (C) constant bone, giving rise to two distinct normalized mineralized bone
surfaces (MSsr/BS and MScg/BS) and two distinct normalized eroded bone surfaces (ESsr/BS and EScr/BS). The
schematic shows constant bone (light yellow), mineralized bone (light blue), eroded bone (light red) and soft tissue
(black), as well as MSg7/BS (lined blue), MScr/BS (hatched blue), ESs7/BS (lined red) and EScs/BS (hatched
red). [10%]

Briefly, for each case only the concerning voxels, being labeled as constant, mineralized or eroded

voxels, were taken into consideration. The first layer of voxels was disregarded due to partial volume
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effects, leaving the second most outward layer of voxels to be considered as the soft tissue interface,

while the constant bone interface was evaluated by expanding the constant bone surface by one

voxel. For the surface evaluation only one layer of voxels was taken into account, while all voxels

were counted for volume evaluations. The different interfaces giving rise to the four distinct surfaces

were calculated independently of each other and can thus in specific cases contain the same voxels, as

depicted in Fig. 2.2 B and C. The description of the surfaces is not influencing the analysis of volumetric

parameters, which are calculated from all bone voxels independently. A list of all parameters with

definition and unit is provided in Table 2.1.

Tab. 2.1: List of abbreviations used in dynamic microCT-based time-lapse bone morphometry with definition and

unit.

Abbreviation | Definition Unit
MV/BV Normalized mineralized bone volume -

EV/BV Normalized eroded bone volume -

MS/BS Normalized mineralized bone surface -
MSg7/BS Normalized mineralized bone surface-to-soft tissue interface -
MScp/BS Normalized mineralized bone surface-to-constant bone interface | -

ES/BS Normalized eroded bone surface -
ESsr/BS Normalized eroded bone surface-to-soft tissue interface -
EScp/BS Normalized eroded bone surface-to-constant bone interface -

MAR Mineral apposition rate pmday !
MRR Mineral resorption rate pmday !
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2.1.5 Analysis of spatial gradients in bone (re)modeling using dynamic microcom-

puted tomography-based time-lapse morphometry

Both the distal femoral metaphysis and the proximal tibial metaphysis cortical bone regions were
used for the spatial analysis of bone morphological changes in control animals with physiological bone
(re)modeling. The femoral and tibial metaphysis (without the epiphysis) were discretized into intervals
spanning 100 pm, starting at 400 pm from the end of the non-mineralized growth plate (on the interface
with the primary spongiosa), reaching towards the diaphysis and ending at 1,400 pm (resulting in 10
intervals), thereby covering nearly the entire ROI corresponding to 10% of the total bone length. The
dynamic morphometry parameters were evaluated for each section separately at day 45 (with day 0

as a reference).

2.1.6 Reproducibility of image processing

A precision analysis of the microCT (U-CTHR, MILabs, Netherlands) was performed based on ex vivo
microCT scans. It has been shown that the reproducibility of in vivo and ex vivo scans is compara-
ble[197 The scans were performed on whole mice with intact limbs in order to get as close to the in
vivo conditions as possible. The tibiae of three mice (n = 6 bones) were scanned four times each using
the same settings as for the in vivo scans. Mice were re-positioned after each scan. The results for the
metaphysis are shown in Table B.9, and for the epiphysis in Table B.1010%,

All possible combinations of registration, (n — 1)! with n being the number of scans were performed.
We then calculated mean, standard deviation (SD), the absolute precision error (PEgp) and the pre-
cision error as coefficient of variation (PEcy) in % as well as the confidence interval (CI) (using a
chi-squared distribution, with df as the total degrees of freedom). The analysis was done for both
cortical and trabecular bone volume and surface parameters!66l [108]

2.1.7 Osteolytic lesions in cortical bone: Eroded bone patch detection and volume

analysis

To detect and analyze the volume of osteolytic lesions in cortical bone with dynamic microCT-based
time-lapse morphometry data, a new mathematical evaluation tool was established that had the ability
to differentiate between physiological erosion and pathological erosion patches in the cortical bone.

Only eroded voxels of previously segmented cortical bone were taken into account for this procedure.
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A chosen 3D neighborhood of each eroded voxel was evaluated, meaning that the status of surrounding
voxels — being eroded or not eroded — and the voxel itself were considered and summed leading to a

sum matrix as depicted in 2D as an example in Fig. 2.3A.

A
21413821
2141331
—P (2|4 |a|a]2
21416 |42
214 |6 |4]2
Evaluation matrix Neighborhood Sum matrix
B Eroded bone patch core

Find eroded bone
patch core

Unfiltered eroded . s ¢ Filtered eroded bone
C bone patch with core . . patch with core

¢

¢ Full bone (re)modeling

analysis

I:l Constant Bone

. Mineralized Bone

. Eroded Bone

. Eroded Bone Patch Core

. Eroded Bone Patch

D Unfiltered Eroded Bone Patch

Fig. 2.3: Sketch of the eroded bone patch analysis. (A) Schematic explaining how the neighborhood is determined,
starting at the evaluation matrix, showing a 2D simplified 3x 3 neighborhood for one voxel and the thereof resulting sum
matrix. (B) Eroded bone patch core analysis: starting with the (re)modeled bone and detecting the eroded bone patch
core. (C) Then filtering for the entire patch (green) while excluding unrelated erosion zones (light green). Constant
bone is shown in yellow, mineralized bone in blue, eroded bone in red, eroded bone patch core in pink, eroded bone
patch in green and unfiltered eroded bone patch in light green.

Two different empirically determined thresholds were applied to a) detect the eroded bone patch core
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(the main criteria to determine whether or not an animal has a lesion) and b) analyze the volume of
the entire eroded bone patch.

To detect the eroded bone patch core of only pathological erosions, the neighborhood of each eroded
voxel was explored in 9x9x4 voxels in x, y and z. If a threshold of 92.61% was fulfilled, meaning
that 92.61% of the neighborhood voxels were erosion voxels, that voxel was identified as belonging
to the eroded bone patch core, as shown in Fig.2.3B with the eroded bone patch core in pink. The
parameters were determined empirically by testing visually detected lesions and data from healthy
control animals.

To analyze the volume of the eroded bone patch, the noise in form of scattered eroded voxels around
the eroded bone patch core was filtered (Fig.2.3C, unfiltered noise in light green): To do so, the
neighborhood of each eroded voxel was explored in 3x3x3 voxels in x, y and z. If a threshold of
70% was fulfilled, those erosion voxels were maintained and contributed to the volume of the eroded
bone patch (Fig.2.3C, eroded bone patch volume in green with patch core in pink). The threshold
parameters were determined empirically under visual control.

3 was obtained at different time points. The location

The volume of each eroded bone patch in mm
of osteolytic lesions was visualized with the eroded bone patch core shown in pink and the respective

entire patch in green.

2.1.8 Microcomputed tomography based static bone analysis

Static bone analysis was performed for physiological bone (re)modeling on the pre-processed images
for time points 0, 17, 24, 31, 38 and 45 to confirm the findings of the dynamic microCT-based time-
lapse morphometry analysis. The separation of cortical and trabecular bone was achieved with the
help of morphological operations, using the same steps as for the dynamic analysis and described by
Birkhold et al.[66 The used parameters include TV, BV, and BV /TV for both cortical and trabecular
bone, as well as BS/BV for cortical bone. The parameters were calculated in MATLAB following the
standard procedures as described by Bouxsein et al. [25], Briefly, for cortical bone, TV was calculated
as the entire mineralized bone and marrow volumes, while BV encompassed the mineralized tissue
volume of the cortical bone. In trabecular bone, TV was calculated as the entire bone marrow volume,

while BV covered the mineralized part of this volume.
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2.1.9 Code availability

The original code as well as the modified versions used in this study are available on GitHub.
https://github.com/BWillieLab/Timelapse-Morphometry (original code)
https://github.com/CipitriaLab/Timelapse-Morphometry (modified code used for the work published
by Young et al.[10])

A third version of the code including the eroded bone patch detection and volume analysis tool will

be provided on the same platform after publication.

2.1.10 Statistical analysis in physiological bone (re)modeling measured with mi-

crocomputed tomography

The right femur and tibia of six control animals were used for statistical evaluation. The plots show
the mean and standard deviation. Normal distribution of the data was confirmed with the help of
quartile-quartile plots. Paired t-tests were used for statistical comparison between different regions
and parameters with significant differences presented as * p < 0.05, ** p < 0.01 and *** p < 0.001.
Origin 2021b (OriginLab, Northampton, US) was used to plot the data and for statistical analysis.
(This study was published before all animal experiments were completed, therefore containing only a

part of the overall collected data[19%]))

2.1.11 Statistical analysis in pathological bone (re)modeling measured with mi-

crocomputed tomography

When comparing PBS controls with tumor animals, only bones harvested from animals without de-
tectable osteolytic lesions were included for the latter. All bones harvested from animals with confirmed
lesions were excluded from microCT analysis. Both limbs of all animals were considered, resulting in
seven control animals with n = 14 bones and 5 tumor animals with n = 10 bones. The plots show the
mean and standard deviation. Normal distribution of the data was confirmed with the help of quartile-
quartile plots. Two sample t-tests were used for statistical comparison between different groups and
parameters with significant differences presented as * p < 0.05. In addition, the 95% confidence in-
terval is shown for all parameters and time points. Origin 2021b was used to plot the data and for

statistical analysis.
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2.2 FEx vivo procedures

2.2.1 Optical clearing and light-sheet fluorescence microscopy of tibiae

Fixed tibiae were dehydrated in an ascending ethanol series (50, 70 and two times in 100%) for 12h
each at room temperature and cleared with ethyl cinnamate (Sigma-Aldrich, Taufkirchen, Germany)
at room temperature for 24 h according to the simpleCLEAR protocol 18],

To image cleared tibiae via LSFM, a LaVision BioTec Ultramicroscope Blaze (Miltenyi/LaVision
BioTec, Bielefeld, Germany) with a supercontinuum white light laser (460-800nm), 7 individual com-
binable excitation and emission filters covering 450 — 865 nm, an AndorNeo sCMOS Camera with a
pixel size of 6.5 um?, and 1.1x (NA 0.1), 4x (NA 0.35), 12x (NA 0.53) objectives with a magnification
changer ranging from 0.66x to 30x was used. For image acquisition, cleared samples were immersed
in ethyl cinnamate in a quartz cuvette and excited at 470/30 nm for eGFP-excitation and 560/40 nm
for tissue autofluorescence excitation. eGFP was detected using a 525/50 nm band-pass emission filter
and a 620/60 nm band-pass emission filter was used for tissue autofluorescence detection. Because the
excitation optics of the microscope provide a light-sheet thickness of 4 — 24 ym (adjustable NA), the
Z-step size was set to 5 or 10 pm depending on the selected light-sheet NA. The optical zoom factor
varied from 1.66x to 4x depending on the objectives and digital zoom factors used.

Imaris (Bitplane, Version 9.6.0, Oxford Instruments, Abingdon, UK) was used for data analysis. The
bone marrow was segmented manually and the cells were analyzed using the spots tool with an ini-
tial estimated diameter of 35.5 pm, that was found by manually measuring around 10 cells. Cellular
patches on the periosteum were also segmented manually and analyzed using the spots tool with an
initial estimated diameter of 20 pm that was found by manually measuring around 10 cells. N = 5

bones from five different animals were analyzed.

The clearing protocol was reversed by placing samples in a descending ethanol series (100, 70, 50%)
with 1% Tween-20 for 5h at room temperature each, followed by two steps in PBS with 1% Tween-20

(5h at room temperature each). The samples were stored in PBS until further usage.

2.2.2 Resin embedding of mineralized bone tissue

Bone specimens were cold embedded at 4 °C in poly(methyl methacrylate) (PMMA) (Technovit 9100,

Kulzer, Germany), following the manufacturer’s instructions. Briefly, samples were dehydrated in an
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ascending ethanol series (70, 80, 96 and 100%) for 48 h at 4 °C each with a final step in rhodamine solu-
tion (4.17mgmL~! Rhodamine B, pure in 100% ethanol, ACROS Organics, Geel, Belgium), followed
by a xylene washing (two times for 3h each at room temperature), pre-infiltration and infiltration for

48h each at 4°C and embedding in PMMA for up to 7 days at —20°C.

2.2.3 Sectioning of resin embedded bones using controlled angle cutting and ex

vivo microcomputed tomography

In order to expose the metastatic osteolytic lesion, we used controlled angle cutting as described by

[109] The excess PMMA was first trimmed and the entire block scanned with an

Moreno-Jimenez et al.
ex vivo microCT scanner (EasyTom micro/nano tomograph RX solutions, France) at a low resolution
with 15 pm voxel size and acquisition parameters of 107kV, 93 pA, frame rate of 6 and average frame
of 5. Reconstruction of the 800 projections/scan were performed using RX Solutions X-Act software.
The cutting plane to capture the metastatic osteolytic lesion was found using Data Viewer (Bruker,
Kontich, Belgium) by rotating the block around the x and z axis. For small correction angles under
20°, a tilted cylinder was cut and the sample blocks were fixed on it for sectioning. For larger correction
angles over 20°, an additional cut of the block was performed with a diamond wire saw (DWS.100,
Diamond WireTec GmbH & Co.KG, Weinheim, Germany) and a second microCT scan was performed,

repeating the same procedure as above. The histological sections were taken at a thickness of 6 pm

with a microtome (Leica RM2255 Microtome, Leica Biosystems, Wetzlar, Germany).

2.2.4 Movat’s Pentachrome staining

The PMMA embedded sections were stained using a standard protocol of Movat’s Pentachrome per-
formed fully at room temperature. In short, sections were deplastified in 2-methoxyethyl acetate
(MEA) (Morphisto GmbH, Offenbach am Main, Germany) three times for 20min each and rehy-
drated in a descending ethanol series (100, 96, 80 and 70% twice for 2min each). The samples were
then stained with 1% alcian blue (Alcian blue 8GX, Alfa Aesar, Haverhill, US) in 3% acetic acid
(Carl Roth, Karlsruhe, Germany) and transferred into a basic environment by incubating in alkaline
ethanol (96% ethanol with ammonia 9:1) for 1h. The samples were washed in tap water for 10 min
and then stained with Weigert’s haematoxylin (Solution A and B Set, 1:1 mixture, Sigma-Aldrich,
Taufkirchen, Germany) for 10 min, followed by an additional washing step. Next, the samples were

stained with brilliant crocein 1mgmL~! (Waldeck GmbH & Co. KG, Miinster, Germany) and acid
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fuchsin 1 mgmL~! (Waldeck GmbH & Co. KG, Miinster, Germany) mixed at a ratio of 4:1 for 15min,
followed by a washing step in 5% phosphotungstic acid (Waldeck GmbH & Co. KG, Miinster, Ger-
many) for 5min. The samples were dehydrated in an ascending ethanol series (70, 80, 96% twice for
2min each) and a final staining with saffron du Gatinais (60 mg mL~! in 100% ethanol, Waldeck GmbH
& Co. KG, Miinster, Germany) for 1h was performed. The sections were incubated in 100% ethanol
for 3min twice, followed by incubation in xylene twice for 2min and mounted with mounting media
(VITROCLUD, deltalab, Barcelona, Spain). The stained sections were imaged with a Keyence Digital
Microscope (VKX-5550E, Keyence, Germany). The following tissue types were stained: mineralized

bone and collagen (yellow), cartilage (blue/green), fibrin and muscle (red), cell nuclei (black).

2.2.5 Haematoxylin and eosin staining

The PMMA embedded sections were stained using a standard protocol of haematoxylin and eosin
(H&E) (H&E Rapid kit, Clin-Tech, Surrey, UK). In short, sections were rehydrated in a descending
ethanol series (100, 96, 80 and 70% twice for 2min each), washed in tap water, followed by staining
in Carazzi’s double-strength haematoxylin for 1 min. After another wash in tap water, the slides were
stained in eosin for 30s, rinsed in tap water, dehydrated in an ascending ethanol series (70, 80, 96,
100% twice for 2 min each), incubated in xylene twice for 2 min and mounted (VITROCLUD, deltalab,
Barcelona, Spain). The stained sections were imaged with a Keyence Digital Microscope (VKX-5550E,
Keyence, Germany). Mineralized tissue and nuclei are shown in dark purple, while soft tissue is shown

in light purple.

2.2.6 Tartrate-resistant acid phosphatase staining

The PMMA embedded sections were stained using a standard protocol of tartrate-resistant acid phos-
phatase (TRAP) staining. In short, sections were deplastified in MEA three times for 20 min each
and rehydrated in a descending ethanol series (100, 96, 80 and 70% twice for 2min each). Sam-
ples were then incubated in TRAP buffer (sodium acetate 40 mm, VWR, Radnor, US, and disodium
tartrate dihydrate 10 mM, Merck KGaA, Darmstadt, Germany) for 10 min at room temperature, fol-
lowed by an incubation in pre-warmed TRAP staining solution (in TRAP buffer, naphthol AS-MX-
phosphate 0.2 mgmL ™!, Sigma-Aldrich, Taufkirchen, Germany, fast red violet LB salt 1.2mgmL™!,
Sigma-Aldrich, Taufkirchen, Germany, N,N-dimethlyformamid 2%, Sigma-Aldrich, Taufkirchen, Ger-

many and Triton X 1%, Thermo Fisher Scientific, Waltham, US) at 37°C for 2h under repeated vi-
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sual control to ensure appropriate incubation until the staining was well developed. The sections were
washed in water, counter stained with Mayer’s haematoxylin (Sigma Aldrich, Taufkirchen, Germany)
for 2min followed by washing in 0.1% ammonium hydroxide for 30s. For visualization of the bone
structure, sections were incubated in aniline blue solution (aniline blue 0.4 mg mL~!, phosphotungstic
acid 12mgmL~!, Carl Roth, Karlsruhe, Germany) for 20min at room temperature. The sections
were blotted to remove access liquid, followed by xylene incubation twice for 2 min and mounted with
mounting media (VITROCLUD, deltalab, Barcelona, Spain). The stained sections were imaged with a
Keyence Digital Microscope (VKX-5550E, Keyence, Germany). Osteoclasts are shown in pink, nuclei

in pale blue and bone tissue in blue.

2.2.7 Confocal laser scanning microscopy fluorescence imaging

After sectioning, the exposed PMMA block surface was polished (PM5, Logitech, Glasgow, Scotland)
with abrasive paper 4000 with grading of 5 pm and with 3 pm and 1 pm diamond spray under constant
visual control, ensuring that only minimal tissue got removed. The block surface of the rhodamine
stained samples was imaged using CLSM (Leica TCS SP8 DLS, Multiphoton, Leica Microsystems
CMS GmbH, Wetzlar, Germany). The samples were images with a HC PL APO CS2 40x/1.30 oil
objective (NA 1.3) at a magnification of 40x. Argon laser light with Aezcitation = Dl4nm / Aemission =
550 — 650 nm was used with a laser intensity of 10%. Images were acquired with a resolution of 1024
pixels by 1024 pixels (pixel size of 284nm) at a scan speed of 400 Hz. Over 100 images for each
sample with a thickness of 347 nm, spanning a changing thickness of around 50 pm depth from the
block surface were imaged. To compensate for the loss of signal during scanning along the depth,
the photomultiplier gain was continuously increased. The images were stitched and visualized with
the LAS X software (Version 3.5.7.23225, Leica Microsystems CMS GmbH, Wetzlar, Germany). For
each animal, a region containing an osteolytic lesion, either in the cortical or trabecular bone, and
a lesion-free region in the same bone at a comparable location were imaged. N = 5 bones from five

different animals were analyzed.

2.2.8 Second harmonic generation imaging

SHG imaging was performed on the exact same ROI with the same instrument and objective. A pulsed
infrared laser (Acxcitation = 910nm/ Aepission = 450 — 460 nm) with a power of 0.6 W and an intensity

of 10% was used. Images were acquired with a resolution of 1024 pixels by 1024 pixels (pixel size of
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284 nm) at a scan speed of 400 Hz. Around 20 images with a thickness of 2.758 pm were made keeping
the same total depth as for the previous image of rhodamine staining and fluorescence imaging. For
each animal a region containing an osteolytic lesion, either in the cortical or trabecular bone, and a
lesion-free region at a comparable location were imaged. The images were stitched and visualized with
the LAS X software (Version 3.5.7.23225, Leica Microsystems CMS GmbH, Wetzlar, Germany). N =

5 bones from five different animals were analyzed.

2.2.9 Backscattered electron microscopy

The polished PMMA block surface of the samples was imaged with an environmental scanning elec-
tron microscope (Quattro ESEM, Thermo Fisher Scientific, Waltham, US) in backscattered electron
mode. The following settings were used: 15kV, low vacuum conditions (100 Pa), working distance of
approximately 8 mm, spot size of 3 and 500x magnification. The images were manually stitched using

Adobe Photoshop 2022. N = 5 bones from five animals were analyzed.

2.2.10 Cryo-embedding and -sectioning of mineralized bone tissue

Bones of one limb of each mouse without a detectable osteolytic lesion were freeze embedded following
the method of the SECTION-LAB Co. Ltd. (Hiroshima, Japan). Briefly, the samples were dehydrated
in an ascending sucrose solution (10%, 20% and 30% in distilled water) for 24 h each at 4°C. Next, a
metal mold was placed in isopropanol cooled with liquid nitrogen and filled with embedding medium
(SCEM; SECTION-LAB Co. Ltd., Hiroshima, Japan). The bone was placed in the middle and cov-
ered it with embedding medium, avoiding direct contact with the cooled isopropanol. Samples were
stored at —80°C until further usage. Cryosections with a thickness of 20 pm were cut following the
Kawamoto method using a cryostat (Leica CM3060S, Leica Microsystems CMS GmbH, Wetzlar, Ger-
many). The sections were collected using Kawamoto films (type 2C(9), SECTION-LAB Co. Ltd.,

Hiroshima, Japan), then attached to a microscopic slide and stored at -20°C until further use.

2.2.11 Histological immunofluorescence staining and imaging

For IF staining the slides were blocked with blocking buffer (1%bovine serum albumin (BSA), Sigma-
Aldrich, Taufkirchen, Germany, 0.1%Tween20 Carl Roth, Karlsruhe, Germany, 0.1% dimethyl sulfox-
ide (DMSO), Merck KGaA, Darmstadt, Germany in PBS) for 1h. Primary and secondary antibodies

were diluted in blocking buffer and incubated for at least 4h at room temperature or over night
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at 4°C, with in between washing steps (three times, 15min each) in washing buffer (0.1%Tween20,
0.1% DMSO in PBS). Final washing steps were conducted in washing buffer (twice for 15 min) and in
distilled water (once for 15min). Slides were then mounted with Dako fluorescence mounting media
(S302380-2, Agilent Technologies, Santa Clara, US). The primary antibodies and respective concen-
trations used in this study are the following: 4’,6-diamidino-2-phenylindole (DAPI) (1:500, Roche),
anti-Ki67 (1:100, ab45580, abcam) and anti-FN (1:200, ab23750, abcam). As secondary antibody Alexa
Fluor 555 (1:1000, A-21429, abcam) was used. Samples were imaged using CLSM (Leica TCS SP8
DLS, Multiphoton, Leica Microsystems CMS GmbH, Wetzlar, Germany).

Three different objectives were used: HC APO L 10x/0.30 water objective (NA 0.3) at a magnifica-
tion of 10x, HC PL APO CS2 40x/1.30 oil objective (NA 1.3) at a magnification of 40x, HC PL
APO CS2 63x/1.40 oil objective (NA 1.4) at a magnification of 63x. For imaging the DAPI, Diode
405 laser light with Aezcitation = 405nm /Aemission = 410 — 483 nm was used. For imaging the eGFP,
argon laser light with Acycitation = 488 nm /Aemission = 493 — 556 nm laser light was used. For imaging
the Alexa Fluor 555, DPSS 561 laser light with Acgcitation = 561 nm /Aemission = 566 — 756 nm laser
light was used. Laser intensity and photomultiplier gain were kept constant: DAPI (intensity 1%, HyD
detector, gain 150 and 25 for higher magnifications), eGFP (intensity 20%, PMT detector, gain 900),
Alexa Fluor 555 (intensity 1%, HyD detector, gain 100 and 60 for higher magnifications). Images were
acquired with a resolution of 1024 pixels by 1024 pixels (pixel size of 284 nm) at a scan speed of 400 Hz
(200 Hz for 63x magnification), and a varying number of images with a thickness of 4 pm (2 pm for
63x magnification) were made over a depth of around 20 pm. For 10x and 40x magnification, tile
scans depending on the size of the sample were acquired.

Images were analyzed using ImageJ (40x magnification images were used for quantification), thresh-
olds were applied manually under visual control and cells/clusters were manually counted and cate-
gorized using the cell counter tool. Images were visualized with Imaris (Imaris Viewer 9.8.0, Oxford

Instruments, Abingdon, United Kingdom). N = 4 bones from four animals were analyzed.

2.2.12 Sample size in ex vivo procedures

The bones used for the different analyses, including their sacrifice time point, detected lesions and
methods used are depicted in Fig. 2.4.
Five tibiae from five different animals were optically cleared, measured with LSFM and used for the

analysis of cancer cells homing in the bone marrow (one additional animal was excluded due to a larger
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osteolytic lesion). Three of these tibiae had detected osteolytic lesions in either cortical or trabecular
bone (Fig.2.4, animal 1, 2, 3), one tibia was from an animal with an osteolytic lesion in the corre-
sponding femur (Fig. 2.4, animal 4) and one animal did not present any detectable osteolytic lesion
(Fig. 2.4, animal 7).

Five bones from five different animals were resin-embedded and imaged for lesion analysis with CLSM
after rhodamine staining and with SHG imaging. Four tibiae (Fig.2.4, animal 1, 2, 3, 6) and one
femur (Fig.2.4, animal 4) were imaged. All these bones had an osteolytic lesion in either cortical or
trabecular bone detected with microCT.

Four tibiae from four different animals were cryo-embedded, stained with IF and imaged using CLSM.
All animals had at least one osteolytic lesions in one of the long bones. Three tibiae had no detectable
lesion (Fig.2.4, animal 1, 3, 4), while one tibia had a lesion in the trabecular bone (Fig. 2.4, animal

2).
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Fig. 2.4: Depiction of the samples used in the ex vivo experiments determined by the in vivo results
Schematic shows the sacrifice time point for each animal and the number of bones used (as indicated by the row). Bones
with lesions are depicted with a red hole, while bones with detected cancer cells are depicted with green dots. A final
number of bones used per technique is shown below. (created with BioRender.com)
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CHAPTER

Results

In this work we aimed at developing an experimental mouse model of breast cancer bone metastasis
for the 3D visualization and characterization of the early bone metastatic niche. With this model we
wanted to study pathological alterations in bone (re)modeling in the absence and presence of osteolytic
lesions and changes in the bone microenvironment harboring the cancer cell niche.

The results are structured into two parts, starting with the in vivo work, using mainly microCT-based
methods to study both physiological and pathological bone (re)modeling and the detection and anal-

ysis of osteolytic lesions.

3.1 Healthy bone (re)modeling baseline

Physiological bone (re)modeling was studied with the help of dynamic microCT-based time-lapse mor-
phometry to create a baseline for further studies on pathological alterations. New surface parameters
were introduced and we could show how they were affected by bone curvature. In addition, region spe-
cific temporal differences in epiphysis and metaphysis as well as tibia and femur were shown, including

a spatial analysis and direct comparison to static microCT characterization.

3.1.1 An extension of the bone surface parameters and the influence of curvature

on these interfaces

In dynamic microCT-based time-lapse bone morphometry analysis of cortical and trabecular bone,

different definitions of mineralized and eroded surfaces can be used. Fig.2.2A depicts the outcome
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of this analysis with mineralized bone in blue, eroded bone in red and constant bone in yellow for
a flat, convex and concave structure. Fig.2.2B and C illustrate the four distinct surfaces that can
be derived. We distinguished between mineralized (light blue) and eroded (light red) bone, and its
interface to bone volumes that stayed constant (light yellow) or to surrounding soft tissue (black).

The four distinct surfaces are the following:

» normalized mineralized bone surface-to-soft tissue interface (MSg7/BS) (lined blue)
o normalized mineralized bone surface-to-constant bone interface (MS¢p/BS) (hatched blue)
» normalized eroded bone surface-to-soft tissue interface (ESgr/BS) (lined red)

» normalized eroded bone surface-to-constant bone interface (EScp/BS) (hatched red)

MScp/BS and ESgr/BS were included in the original model by Birkhold et al.[%. MSgr/BS and
EScp/BS have been introduced in the current work by Young et al. [105] and provide a more complete
description of the different mineralized and eroded surfaces. Further, this has a clear impact in the
results, as it will be described in the following paragraphs.

Those surfaces are strongly influenced by the local curvature of the bone. The (re)modeling of bone is
often depicted on a flat surface, where the mineralization is seen as a hill, leading to a larger MSgr/BS
as it is covering the hill, while the MS¢sp/BS goes along the bottom of the hill and is therefore smaller.
Similarly, the erosion is seen as a valley, with the ESgr/BS covering the top of the valley and thus
being smaller than the ES¢p/BS which is running alongside the valley. The schemes in Fig. 2.2B and
C show how these surfaces are changing depending on the curvature (convex or concave) of the bone.
On a convex surface, the soft tissue interface (MSgr/BS and ESgr/BS) is larger than the constant

bone interface (MScp/BS and EScp/BS), while the opposite is true for a concave surface.

e Flat: MSST/BS > MSCB/BS and ESCB/BS > ESST/BS
o Convex: MSgr/BS > MScp/BS and ESgr/BS > EScp/BS
o Concave: MS¢p/BS > MSgr/BS and EScp/BS > ESgr/BS
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Fig. 3.1: Analysis of bone mineralization and erosion on four distinct interfaces that are strongly influ-
enced by surface curvature. (A) Evaluation of cortical bone (re)modeling (with constant bone in yellow, mineralized
bone in blue and eroded bone in red, day 31). Shown are normalized (B) mineralized and (C) eroded surface over time,
on the interface with constant bone (yellow) or with soft tissue (black). (D) Evaluation of trabecular bone (re)modeling.
Shown are normalized (E) mineralized and (F) eroded surface over time, on the interface with constant bone (yellow)
or with soft tissue (black). (All plots show mean and standard deviation, with statistically significant values presented
as * p < 0.05, *x p < 0.01 and *** p < 0.001. N = 6 bones from six control animals.)[ms]

The results of the surface analysis are shown in Fig. 3.1 for healthy control animals. In the cross sec-
tions of tibia cortical (Fig.3.1A) and trabecular (Fig.3.1D) bone, constant bone is depicted in yellow,
mineralized bone in blue and eroded bone in red. The evaluation of mineralized and eroded bone sur-
faces on four distinct interfaces is shown for cortical bone (Fig.3.1B and C) and for trabecular bone
(Fig.3.1E and F). The data plotted over time for soft tissue interfaces (MSg7/BS and ESgr/BS) is
shown in black, while constant bone interfaces (MScp/BS and EScp/BS) are shown in yellow. The
plots show how the respective surfaces significantly differ from each other at each time point.

In the cortical compartment depicted in Fig.3.1A, mineralization occurs mostly in the endocortical
region which has a concave curvature. Therefore, the mineralized surface MSgr/BS is significantly
smaller than the MScp/BS (Fig.3.1B). The values stay constant over time for both interfaces be-

tween day 17 and day 45. Erosion on the other hand, occurs mostly on the periosteal region, which
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has both concave and convex surfaces (Fig.3.1A). Consequently, the results show very similar values
for both interfaces (ESgy/BS and EScp/BS), with values remaining constant over time (Fig. 3.1 C).
In the trabecular compartment a lot of (re)modeling can be observed which leads to an overall smaller
interface with constant bone (Fig. 3.1D). Consequently, the interface with the constant bone is smaller
for both mineralization (Fig.3.1E) and erosion (Fig.3.1F). This effect is even stronger in the mineral-
ized bone and a constant decrease of MSgr/BS from maximum 120% to 90% can be observed, while
all other three surfaces stay constant over time. In trabecular bone, the main influence on the results
for different interfaces is thus not the curvature (which presents both concave and convex regions),

but the amount of existing constant bone, as trabecular bone is highly (re)modeled.

We were able to show, that surface (re)modeling parameters are strongly influenced by the curvature
of the bone, especially in cortical bone. Therefore, all four distinct surfaces should be described to

ensure a complete picture of the (re)modeling processes.

3.1.2 Different bone (re)modeling patterns are observed within tibial metaphysis

and epiphysis

Even past sexual maturity (6-8 weeks of age) longitudinal growth continues in mice, though at a much

[110] Therefore, the metaphysis and epiphysis

slower rate, and the growth plate never fuses completely
do not fuse in mice, but continue to be separated by the growth plate, where cartilage is formed at
the epiphyseal side and is replaced by newly mineralized bone on the metaphyseal side. The different
regions are visualized in Fig. 3.2A, where mineralized bone at the epiphysis and metaphysis is shown
in yellow, separated by the cartilaginous growth plate in blue/green. In order to investigate if the two
distinct regions (epiphysis and metaphysis) exhibit different (re)modeling patterns, we segmented the
microCT data into two ROIs as shown in Fig. 3.2B, with the epiphysis in light grey and the metaphysis
in dark grey. Additionally, we performed the precision analysis for both regions independently and the
results are presented in the supplementary in Table B.9 for the metaphysis and Table B.10 for the
epiphysis.

The results for cortical bone (re)modeling in cortical bone are depicted in Fig. 3.2C for the metaphysis
and in Fig.3.2D for the epiphysis. The quantitative analysis of the MV /BV over time is shown in
Fig.3.2E and EV/BV in Fig. 3.2F. For the metaphysis, the MV/BV of cortical bone ranges between

30% and 45%, only increasing slightly over time. For the epiphysis, it stays constantly low at around
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10%, thus being significantly different at all time points. The same trend can be observed for the
EV/BV, with constant values around 20% for the metaphysis and around 5% for the epiphysis, leading
to significant differences at all time points. Therefore, cortical bone (re)modeling is greater in the

metaphysis compared wit the epiphysis.
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Fig. 3.2: Segmentation of ROIs according to different (re)modeling behavior in metaphysis and epiphysis
in the tibia. (A) Bone section stained with Movat’s Pentachrome showing the growth plate (green/blue) and mineral-
ized tissue (yellow). (B) Segmented microCT data with epiphysis (light grey) and metaphysis (dark grey). Evaluation
of cortical bone (re)modeling (with constant bone in yellow, mineralized bone in blue and eroded bone in red, day 31)
in the (C) metaphysis and (D) epiphysis. Shown are normalized (E) mineralized and (F) eroded volume over time for
metaphysis (diamond) and epiphysis (empty circle). Evaluation of trabecular bone (re)modeling in the (G) metaphysis
and (H) epiphysis. Shown are normalized (I) mineralized and (J) eroded volume over time, for metaphysis (diamond)
and epiphysis (empty circle). (All plots show mean and standard deviation, with statistically significant values presented
as * p < 0.05, #x p < 0.01 and *** p < 0.001. N = 6 bones from six control animals.) (105]

Analogous results are found for trabecular bone, including both primary and secondary spongiosa in
the metaphysis as depicted in Fig.3.2G and for the epiphysis in Fig. 3.2H. The quantitative analysis

of the MV /BV is shown in Fig.3.2I, and EV/BV in Fig.3.2J. The MV/BV in the metaphysis spans
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3. RESULTS

a large range between 40% and 150%, with a slight decrease over time. This is in accordance with
the static microCT analysis (Fig. C.1E), where we see BV increasing between day 0 and day 17,
but slightly decreasing between day 17 and day 45. In the epiphysis on the other hand, the values
stay constant and at a much smaller range between 10 and 40%, leading to significantly different
values between metaphysis and epiphysis at all time points. The EV/BV is similarly higher for the
metaphysis, ranging around 45%, compared with the epiphysis (around 15%) with no visible trends

over time, thus we find significant differences at all time points between the two regions.

Overall, the segmentation and independent analysis of metaphysis and epiphysis in both cortical and
trabecular bone shows, that the two regions with their distinct functions also exhibit different bone
(re)modeling patterns, with significantly greater bone (re)modeling in the metaphysis than in the
epiphysis over the entire time range. In the following sections, the analysis is focused on metaphyseal

bone.

3.1.3 The long bones femur and tibia in the mouse exhibit different bone (re)modeling

patterns

In 12-week-old female BALB/c nude mice, the distal femur (Fig. 3.3A) and proximal tibia (Fig. 3.3B)
regions in the hind limbs are located in close proximity to one another around the knee and share
many physiological features. We compared the bone (re)modeling of segmented metaphyseal bone in
the proximal tibia and distal femur, of both cortical and trabecular bone, looking at volume, surface
and mineral apposition/resorption rate (MAR/MRR) as shown in Fig. 3.3. Both the newly introduced
surface definitions (Fig. 2.2 and 3.1) and the distinct ROIs for cortical and trabecular bone (including
primary and secondary spongiosa) (Fig. 3.2) were used.

The cortical bone (re)modeling results are depicted for the femur (Fig. 3.3C) and tibia (Fig. 3.3G) and
quantified for mineralized/eroded volume (Fig.3.3D, H), mineralized/eroded surface on four distinct
interfaces (Fig.3.3E, I) (with soft tissue interfaces in black and constant bone interfaces in yellow)
and mineral apposition/resorption rate (Fig.3.3F, J), showing the femur as diamond and the tibia as
empty circle in each plot.

The tibia shows a strong mineralization front in the endocortical region (Fig.3.3G), which is less
pronounced in the femur. This is reflected in the significantly higher MV/BV (Fig.3.3D) and MAR

(Fig. 3.3F) for the tibia at each time point.
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Fig. 3.3: Different bone (re)modeling patterns on the tibial proximal metaphysis and the femoral distal
metaphysis. 3D rendering of microCT image of mouse (A) femur and (B) tibia. Evaluation of cortical bone (re)modeling
in the (C) femur and (G) tibia. Shown are normalized mineralized (D) volume, (E) surfaces (soft tissue interface in
black and constant bone interface in yellow, day 31) and (F) MAR over time, as well as normalized eroded (H) volume,
(I) surfaces (soft tissue interface in black and constant bone interface in yellow) and (J) MRR over time for femur
(diamond) and tibia (empty circle). Evaluation of trabecular bone (re)modeling in the (K) femur and (O) tibia. Shown
are normalized mineralized (L) volume, (M) surfaces (soft tissue interface in black and constant bone interface in
yellow) and (N) MAR over time, as well as normalized eroded (P) volume, (Q) surfaces (soft tissue interface in black
and constant bone interface in yellow) and (R) MRR over time, for femur (diamond) and tibia (empty circle). (All plots
show mean and standard deviation, with statistically significant values presented as * p < 0.05, x* p < 0.01 and **x* p
< 0.001. N = 6 bones from six control animals.) [1°°]
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A similar trend can be observed for the mineralized surface describing the interface with constant
bone (MScp/BS, Fig. 3.3E), where significant differences can be found at day 17, 31, 38 and 45. This
indicates that the constant bone interface is more sensitive to describe cortical bone mineralization.
The eroded cortical bone does not differ strongly in femur and tibia (Fig. 3.3H-J) and both show stable
erosion values over time. The only differences can be observed in EScp/BS, where the femur shows
significantly higher erosion values at all time points (Fig. 3.3I). This indicates again that the constant
bone interface is more sensitive to describe cortical bone (re)modeling.

The trabecular (re)modeling results are depicted for the femur (Fig.3.3K) and tibia (Fig.3.30) and
quantified for mineralized/eroded volume (Fig. 3.3L, P), mineralized/eroded surface on four distinct
interfaces (Fig.3.3M, Q) (with soft tissue interfaces in black and constant bone interfaces in yellow)
and mineral apposition/resorption rate (Fig.3.3N, R), showing the femur as diamond and the tibia as
empty circle.

In analogy to cortical bone, trabecular mineralization is significantly higher in the tibia wvs. femur, for
volume and both surfaces at all time points (Fig. 3.3L, M), although for MAR the differences are only
significant after day 31 (Fig. 3.3N).

The eroded trabecular bone is higher for the femur for volume, surface and MRR (Fig.3.3P-R).
The ESs7/BS (Fig.3.3Q) shows significantly more eroded bone for the femur than the tibia, thus
making it the more sensitive interface to study trabecular bone (re)modeling. In addition, the MRR is
significantly higher for the femur than the tibia at all time points, suggesting localized erosion events

in the femur as can be seen in Fig. 3.3K.

Overall a higher mineralization can be observed in the tibia, in both cortical and trabecular
(re)modeling. The femur shows higher erosion, mainly in the trabecular bone, compared to the

tibia.

3.1.4 Static microcomputed tomography-based bone morphometry analysis as

validation for dynamic bone (re)modeling results

Static microCT parameter evaluation of both cortical and trabecular bone was used to further deepen
the understanding and validate the results found with dynamic microCT-based time-lapse morphome-
try. The data for the tibial proximal metaphysis is shown in Fig. C.1. In cortical bone, we see a decrease

of TV over time (Fig. C.1A), which is in accordance with the erosion we found on the periosteal site
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visible in Fig. 3.2C. In Fig. C.1B we see an increase of BV over time, especially between day 0 and day
17, which strengthens the result we found for the dynamic analysis, with MV /BV starting at around
0.3 (Fig.3.3E).

The static trabecular bone analysis is shown in Fig. C.1D-F. TV is clearly decreasing (Fig.C.1D),
especially between day 0 and 17, which is in accordance with the newly mineralized region on the
endocortical bone, reducing the overall marrow volume. BV on the other hand is increasing until day
24 and decreasing afterwards (Fig. C.1E). A similar trend was observed for MV /BV, which shows high
values for day 17 and 24, but a decrease towards day 45 (Fig.3.3L).

Fig. C.2 shows BS/BV for cortical bone in the tibial proximal metaphysis. There is a large decrease be-
tween day 0 and day 17, which is expected with the endocortical mineralization visible in Fig. 3.1A. In
addition, it confirms the results found in Fig. 3.1B, with lower values for MSg7/BS than for MS¢cp/BS,
as new mineralization at the convex endocortical side, will lead to a decrease in BS/BV and lower
values for MSgp/BS than for MS¢cp/BS.

Analogous analysis for the femoral distal metaphysis is shown in Fig. C.3, including the comparison
with the tibial proximal metaphysis. The data for cortical bone is shown in Fig. C.3A-C, with TV
staying constant over time for the femur, while there is a slight decrease in the tibia between day 0
and 17. Additionally, BV (Fig.C.3B) is staying constant for the femur over time, while it increases
clearly for the tibia. This confirms the trend we find for MV /BV (Fig. 3.3D), with constant values for
the femur and increasing values for the tibia. In trabecular bone, there is a decrease of TV for both
tibia and femur (Fig. C.3D), with a much stronger trend for the tibia. BV is staying nearly constant
for the femur, while we see an increase for the tibia up until day 24, followed by a decrease. These
findings are in accordance with the dynamic analysis, showing higher eroded volumes (Fig. 3.3P) and

MRR (Fig. 3.3R) for the femur.

In summary, static microCT validates the findings of dynamic time-lapse microCT and reinforces
the differences between tibial and femoral bone (re)modeling. Importantly, we can see that only the

dynamic analysis gives us detailed information on the different mineralized and eroded regions.

3.1.5 Spatial gradient

After finding that the metaphysis is highly dynamic in comparison to the epiphysis (Fig. 3.2) and that

femur and tibia show significantly different (re)modeling behavior (Fig.3.3), we investigated whether
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our model could detect and quantify spatial bone (re)modeling changes in the metaphysis of cortical

bone from the tibia and the femur.
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Fig. 3.4: Spatial evaluation of gradients in bone (re)modeling of femur and tibia reveals significant
differences in mineralized regions. Localization of ten separate 100 pm thick sections in microCT images for (A)
the femur and (B) the tibia. Shown are normalized cortical volume of (C) mineralization and (E) erosion as well as (D)
MAR and (F) MRR, for femur (diamond) and tibia (empty circle). (All plots show mean and standard deviation, with

statistically significant values presented as * p < 0.05, x* p < 0.01 and **x p < 0.001. N = 6 bones from six control

animals. ) [19%]

The spatial (re)modeling was studied in the respective regions at day 45 (in reference to day 0), by
segmenting the microCT datasets into 100 pm thick sections starting 400 pm below the non-mineralized
part of the growth plate (on the interface with the primary spongiosa) and reaching towards the
diaphysis, as shown in Fig. 3.4A for the femur and Fig.3.4B for the tibia. The orange lines indicate
the respective sections and span nearly the entire ROI of 10% bone length previously analyzed and is
shown Fig.3.4A and B.

MV/BV (Fig.3.4C) and EV/BV (Fig.3.4E), as well as MAR (Fig.3.4D) and MRR (Fig. 3.4F) were
analyzed (with the femur shown as diamond and the tibia as empty circle). In both tibia and femur,
a gradient of mineralization is visible, showing increasing values in MV/BV (Fig.3.4C) and MAR
(Fig.3.4D) from the growth plate towards the diaphysis. This gradient is steeper for the tibia and
significant differences between tibia and femur are found already 500 pm below the growth plate.

The eroded volume for both femur and tibia on the other hand, shows decreasing values from the
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growth plate towards the diaphysis (Fig.3.4E), with lower values for the tibia. As a consequence,
significant differences between femur and tibia can be found in regions from 400 to 900 pm below the
growth plate. The MRR does not reflect this difference, showing constant and rather similar values
for both femur and tibia and only significantly higher values for the last sections (1,200 — 1,400 pm)

of the tibia.

The findings of the spatial analysis are in accordance with the temporal changes that we found. The
tibia has a higher mineralization throughout the entire region of the cortical bone, and a lower erosion

in some parts of the bone.

In summary, we were able to establish a baseline of physiological bone (re)modeling in both tibia and
femur. We have advanced the previously established method of dynamic microCT-based time-lapse
morphometry, by introducing two new surface parameters and studied how they are influenced by
bone curvature. We further showed significant differences in bone (re)modeling of the tibial epiphysis
and metaphysis. Our findings were confirmed with established static microCT parameters and the
spatial understanding was further deepened by showing differences in cortical bone (re)modeling in

the tibial and femoral sections.

3.2 Changed bone (re)modeling after cancer cell injection

After setting the baseline for physiological bone (re)modeling, we then investigated alterations in bone

(re)modeling after cancer cell injection but in the absence of osteolytic lesions.

The bone (re)modeling of animals injected with cancer cells was studied for up to 38 days and com-
pared with healthy animals injected with PBS (n = 7), monitored for up to 45 days. For this analysis,
all bones from tumor animals that formed a detectable osteolytic lesions in cortical or trabecular
bone of the hind limbs (n = 6/11 mice), were excluded to facilitate comparison between groups. Fur-
thermore, animals not presenting with an osteolytic lesion (n = 5/11) were sacrificed between day
31 and 38 since injection due to humane end point criteria (e.g. significant loss of weight, limping),
resulting in a lack of microCT data for day 41 and 45. In Fig. 3.5 the results for both tibial proxi-

mal metaphysis and femoral distal metaphysis are shown. The ROIs cover 10% of the total bone length.
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Fig. 3.5: Bone (re)modeling analysis of animals injected with cancer cells (without detectable osteolytic
lesions) in comparison to healthy control animals in trabecular bone. Results in trabecular bone of tibial
proximal metaphysis are depicted for (A) tumor cell injected animals and (B) healthy PBS animals, with newly min-
eralized bone in blue, eroded bone in red and constant bone in yellow. Results are shown for (C) MV/BV, (D) MS/BS
and (E) MAR, as well as (F) EV/BV, (G) ES/BS and (H) MRR with the respective confidence intervals below. Results
of bone (re)modeling analysis in trabecular bone of the femoral distal metaphysis depicted for (I) tumor cell injected
animals and (J) healthy PBS animals, with newly mineralized bone in blue, eroded bone in red and constant bone in
yellow. Results are shown for (K) MV/BV, (L) MS/BS and (M) MAR, as well as (N) EV/BV, (O) ES/BS and (P)
MRR with the respective confidence intervals below. (All plots show mean and standard deviation, with statistically
significant values presented as * p < 0.05 and confidence intervals shown below. (Scale bars correspond to 1 mm. PBS
animals: N = 14 bones from seven animals, Tumor: N = 10 bones from five animals for tibia and femur respectively,
data points for tumor animals only go up to day 38, indicated by the dashed line.)

The trabecular bone (re)modeling in the tibia proximal metaphysis is shown for volume, surfaces and
apposition /resorption rate in Fig.3.5A-H, with the depiction for tumor animals in Fig.3.5A and for
healthy PBS animals in Fig. 3.5B. The tumor animal shows mostly newly mineralized bone and clearly
less eroded trabeculae, in contrast with the healthy PBS animal, which shows both newly mineralized
and eroded trabeculae.

Higher MV/BV is observed for tumor animals at all time points (except for day 17, Fig. 3.5C), with
values reaching between up to 1.5-2.5 for tumor animals and below 1 for healthy PBS animals.
Significant differences with strong confidence intervals clearly below 0 can be seen on day 31, 34 and
38. Similar results are observed for surface (re)modeling in Fig.3.5D. MScp/BS shows significantly
higher values for tumor animals on day 31, 34 and 38 and MSgp/BS shows significantly higher values
only on day 34 and 38. MAR (Fig. 3.5E) shows a significant difference and higher values at day 38.
Differences can also be observed in eroded bone. EV/BV (Fig. 3.5F) shows significantly lower values for
tumor animals on day 34 and 38. Interestingly, EScp/BS (Fig.3.5G) already shows such significant
differences at day 31. The lower erosion in tumor animals without osteolytic lesions can be best
observed with the MRR (Fig. 3.5H), showing significantly lower values for day 17, 20, 31, 34 and 38,

and with a clear trend for lower values at all time points.

Analogous analysis is performed on the trabecular bone in the femur distal metaphysis (Fig.3.5).
Volume, surfaces and apposition/resorption rate are shown in Fig. 3.5I-P, with the depiction of tumor
animals in Fig.3.51 and healthy PBS animals in Fig.3.5J. Similar trends as in the tibia are found in
the femur, although the femur shows overall less (re)modeling. The tumor animal shows more newly
mineralized bone and less eroded trabeculae, in contrast with the healthy PBS animal, which shows
both newly mineralized and eroded trabeculae.

Both volume and surface analyses show higher mineralization for animals injected with tumor cells,
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with significantly higher values for MV/BV at day 31, 34 and 38 (Fig.3.5K). The mean values for
MV/BV in tumor animals reach up to 0.8, while values for healthy PBS animals stay around 0.6.
The surface evaluation shows significantly higher values in both MSg7/BS and MS¢p/BS for tumor
animals at day 31, 34, and 38 (Fig.3.5L). The same differences could not be observed in the dynamic
analysis shown by MAR (Fig. 3.5M), where mean values for tumor animals seem to be higher at later
time points, but without statistical differences.

For eroded bone, no significant differences or changed trends could be observed in both EV/BV
(Fig.3.5N) and ES/BS (Fig.3.50). The dynamic data on the other hand shown by MRR (Fig. 3.5P)
has significantly lower values for tumor animals on day 24 and 38, and shows an overall trend of lower
values for tumor animals for all time points.

The trends described for trabecular bone in both tibia and femur were also observed in cortical
bone (Fig.D.1). The changes in (re)modeling were also stronger in the tibia compared to femur.
However, most differences were not statistically significant. This highlights the trabecular bone as a

more sensitive bone compartment affected by metastasis compared to cortical bone.

Overall, both tibia and femur show a trend towards more newly mineralized bone in tumor animals
that were not presenting with osteolytic lesions, while in the tibia, in addition, lower erosion was

found.

3.3 Detection and analysis of osteolytic lesions

Next to animals with altered bone (re)modeling in the absence of osteolytic lesions, we also found
animals with both cortical and trabecular lesions (n = 6). A new mathematical method was established
to detect and quantify osteolytic erosion patch volume over time in cortical bone of both femur and
tibia, clearly differentiating between physiological bone erosion and pathological erosion patches. In
addition, we visually inspected all bones for osteolytic lesions in the trabecular bone and found a
reoccurring trend for lesions in the primary spongiosa right at the onset of the mineralized growth

plate.

3.3.1 Eroded bone patch analysis of osteolytic lesions in cortical bone

Osteolytic erosion patches were found in the cortical bone of six animals, with three in the tibia and

three in the femur. Some lesions were first visually detected by inspecting the microCT data, which
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was a sacrifice criteria for the animals. The eroded bone patch method was develop afterwards with
the help of the visually detected lesions. It confirmed the findings and additional lesions were detected.
As a result, for some animals only one time point is available, as the lesion was visually detected and
the animal sacrificed. Animal 1 was part of the pilot group, where the overall animal model was still
established, and the lesions were visually tracked until the animal had to be sacrificed due to humane
end point criteria.

Five of these lesions started in the periosteum and one in the endocortical region and the results are
shown in Fig.3.6. Lesions in the tibia are shown for animal 6 for up to 27 days (Fig.3.6A and A.1)
and animal 1 for day 17 (Fig.3.6B and B.1). Lesions in the femur are shown for animal 2 (showing an
endocortical lesion) for day 17 (Fig.3.6C and C.1) and for animal 4 for day 17 and 20 (Fig. 3.6D and
D.1).

For each animal both bone (re)modeling analysis images with constant bone in yellow, mineralized
bone in blue, eroded bone in red, eroded bone patches in green and eroded bone patch cores in pink are
shown with the respective original gray scale image. Enlargements for the (re)modeling visualization
at day 17 are shown in Fig.3.6A.1, B.1, C.1 and D.1. The quantification of the cluster size is shown
in Fig. 3.6E.

All lesions were detected on day 17, which is the first time point that was measured after the reference
scan. The patch size at first detection varies between 0.005 — 0.025 mm?, with equal distribution of
smaller and bigger lesions in both femur and tibia. Lesions were tracked for up to 27 days (animals
had to be sacrificed due to humane endpoint criteria) and in several animals the increase in osteolytic
eroded bone patch volume was followed, with animal 1 starting at 0.001 mm?® and reaching a final
lesion size of nearly 0.1 mm? (Fig. 3.6E).

In addition to the quantification, the eroded bone patch analysis enables the spatial and temporal
visualization of osteolytic lesions, which improves the understanding related to the onset of the lesion,
where and when they start. Animal 6 (Fig.3.6A and A.1) shows an increasingly big erosion patch (as
quantitatively proven in Fig.3.6E), spanning the entire cortical bone already at day 17, with several
voxels included in the initial eroded bone patch core (Fig.3.6A.1). The patch seems to start from the

periosteal region, where the osteolytic lesion is broader (as compared to the endocortical region).
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Fig. 3.6: Newly established tool of erosion-patch analysis allows detection and quantification of osteolytic
lesions in cortical bone. Results of bone (re)modeling and detection of erosion-patches with constant bone in yellow,
mineralized bone in blue, eroded bone in red, eroded bone patches in green and eroded bone patch core in pink are
visualized for the tibia of (A) animal 1 at day 17 (with an enlargement in (A.1)), day 20, day 24 and day 27, with
respective gray scale images shown below. (Re)modeling analysis visualization for the tibia of (B) animal 2 at day 17
(with an enlargement in (B.1)) with the respective gray scale image. (Re)modeling analysis visualization for the femur
of (C) animal 3 at day 17 (with an enlargement in (C.1)) with the respective gray scale and for the femur of (D) animal
4 with (re)modeling analysis visualization for day 17 (with an enlargement in D.1) and day 20, with the respective
gray scale images. (E) Quantitative results of the eroded bone patch analysis per animal up to 27 days. (Scale bars
correspond to 1mm, with 0.2mm for enlargements and the lesions are indicated with an asterisk in the gray scale
images. N = 6 bones from six tumor animals.)

Animal 1 shows a tibial lesions that seems to not have fully crossed the entire cortical thickness, or
only at very few points (Fig.3.6B.1). The femoral lesion in animal 2 on the other hand, is clearly
starting at the endocortical site and not yet spanning the full cortical thickness (Fig.3.6C.1).

This new eroded bone patch analysis tool allows us to identify and track erosion-patches in the cor-
tical bone caused by metastatic osteolytic lesions, as early as day 17. Even the smallest patches with
a size around 0.05mm?, which are not yet spanning the entire cortical thickness, can be identified
and quantified. In addition, we made sure the tool only detects eroded bone patches stemming from
pathological bone (re)modeling. We tested the tool with the help of healthy control mice and found

no detected eroded bone patches at all time points (up to 45 days).

In summary the tool confirmed the lesions detected by first visual inspection of microCT data and, in

addition, helped us to discover additional two lesions in tibia and femur.

3.3.2 Osteolytic lesions in trabecular bone

Osteolytic lesions in the trabecular bone were found in two animals, with three lesions presenting in
the tibia and one in the femur. All lesions were detected at day 17, which is two weeks after cancer
cell injection and the earliest measurement time point. Lesions in the tibia are shown in Fig.3.7A-C
and the femoral lesion is shown in Fig. 3.7D. For all animals bone (re)modeling analysis visualization
of the top view and an enlargement of a cross-section is shown, together with the gray scale images.
The top view shows, that the growth plate is highly (re)modeled in both tibia and femur. Here, the
osteolytic lesion presents as a dense erosion patch. In the respective gray scale image a hole in the
same area can be found, which is larger than physiological pores in the growth plate. The enlargements
(Fig.3.7A.1, B.1, C.1, D.1) confirm that the growth plate is eroded in a larger area, spanning both

along the growth plate and towards the secondary spongiosa.
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Fig. 3.7: Trabecular lesions in the primary spongiosa in femur and tibia. Results of bone (re)modeling with
constant bone in yellow, mineralized bone in blue, eroded bone in red, as well as gray scale images for bones at day 17.
(A)(Re)modeling visualization top view, with respective gray scale image and (A.1) enlargement of the cross-sections for
the tibia of animal 1. (B)(Re)modeling visualization top view, with respective gray scale image and (B.1) enlargement
of the cross-sections for the left tibia of animal 2. (C)(Re)modeling visualization top view, with respective gray scale
image and (C.1) enlargement of the cross-sections for the right tibia of animal 2. (D)(Re)modeling visualization top
view, with respective gray scale image and (D.1) enlargement of the cross-sections for the femur of animal 2. (Scale
bars correspond to 1 mm and 0.5mm for enlargements. The lesions are indicated with an asterisk. N = 4 bones from

two tumor animals.)

Although all lesions are still at a very early stage, Fig. 3.7B.1 clearly shows the smallest lesion with a
length of under 200 pm. Different locations of the trabecular erosions are observed, with two lesions

at the lateral and medial site towards the anterior end (Fig.3.7B and C). Two samples show a rather
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large and dense erosion between the condyles (Fig.3.7A and D). In addition, in a previous study with
a pilot animal (Fig. E.1)[1%], we showed that such lesions can erode nearly the entire trabecular bone

within three weeks past injection.

Overall, we were able to identify three different types of lesions based on the bone compartment that

they had started to erode (cortical vs. trabecular) and their location within these.

e There are fully cortical lesions as were shown in Fig. 3.6, that start on the periosteal side and
do not attack the trabecular bone even in a growth period of 10 days (Fig.3.6A).

e There are mixed lesions as shown in Fig. 3.6C, where both the endosteal cortical bone and the
closely located trabecular bone are being resorbed. The progression of such a lesion was shown
in our previously published work for one pilot animal (Fig. E.1)[105,

o Lastly there are trabecular lesions located directly at the mineralized growth plate, that do not

involve the erosion of cortical bone in the early detection stages as shown in Fig. 3.7.

We have here presented a powerful tool to detect and study all types of lesions at an early stage of

bone metastasis.
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After successfully studying pathological bone (re)modeling in vivo, as well as developing a tool to
detect and characterize osteolytic lesions, we then investigated the cancer cells in their bone microen-
vironment with multiscale and multimodal imaging tool.

In the second part of the results, the following ex wvivo work is structured in the detection of can-
cer cells in the bone marrow, further studies on the proliferation of cancer cells and the structural

microenvironment in the bone marrow and lastly a characterization of early osteolytic lesions.

3.4 Detection and analysis of cancer cells in the 3D (intact) bone

The infiltration of fluorescently labeled eGFP+ cancer cells was studied in 3D (intact) tibiae, with
and without detectable osteolytic lesions. The bones were optically cleared and measured with a light
sheet confocal microscope. To confirm the results, corresponding sections from the contralateral bone

of each animal were imaged with CLSM with DAPI counter staining.

3.4.1 3D visualization and spatial mapping of cancer cells in intact bones using

light-sheet fluorescence microscopy

LSFM was used to study cancer cells and small cell clusters in 3D (intact) tibiae. Optical clearing
makes the bone transparent to the LSFM and allows 3D visualization of eGFP+ cancer cells in the
bone marrow and in the periosteum. The results are shown in Fig. 3.8, with 2D (virtual) sections of
the 3D (intact) bone shown in Fig.3.8A (enlargements in A.1-A.4) and a corresponding microCT
image in Fig. 3.8B. Quantitative data showing the localization of the cancer cell clusters and their size
is shown in Fig. 3.8C-E, including a colored depiction of the localization in Fig. 3.8F, where the color
scale indicates the shortest distance to the cortical bone surface.

From the 6/11 tumor animals where an osteolytic lesion was detected, cancer cells were confirmed
using LSFM in one of the four limbs in five of these animals. One animal was excluded in the analysis
using LSFM, because the lesion was already large and caused severe alterations in the bone . In the
5/11 tumor animals where no osteolytic lesion in the lower limbs was detected, cancer cells were
only confirmed in the tibia of one animal with LSFM. For the following analysis, five tibiae from five

different animals were analyzed (Fig.2.4):

e Two tibiae from animals with trabecular lesions in the same bone

¢ One tibia from an animal with a cortical lesion in the same bone
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e One tibia from an animal with a cortical lesion in the respective femur

e One tibia from an animal without any detected osteolytic lesion

In total around 5,500 cells in the bone marrow of all bones were analyzed. As clearly visible in the
(virtual) 2D section overview image in Fig.3.8A, cancer cells and cell clusters have infiltrated the
entire bone marrow of the tibia, originating from an animal with a trabecular osteolytic lesion in
this tibia. In the metaphysis and upper diaphysis, most cancer cells are found on the anterior side of
the tibia (Fig.3.8A.1). In the lower diaphysis, cells are found more evenly distributed in the entire
bone marrow (Fig.3.8A.2). In addition to cells and small cell clusters distributed all over the bone
marrow, larger and more dense clusters of cancer cells were found in the periosteal region, as shown
in Fig. 3.8A.3, depicting a dense cluster of cells sitting on the periosteum of the tibial epiphysis close
to the fibula. Finally, single cells and small clusters of only a few cells were found in between muscle
fibers and all over the periosteal bone surface (Fig.3.8A.4). Analogous analysis of five bones showed,
that cancer cells could be detected in different bone compartments like the diaphysis, metaphysis and
epiphysis, as well as in different types of bone such as tibia and fibula, as shown in Fig. 3.9.

The location of all cancer cells in the bone marrow of n = 5 bones was determined in relation to the
shortest distance to the cortical bone surface. The results in Fig. 3.8C show that most tumor cells are
in close proximity to the cortical bone surface with a mean distance of around 50 pm. Only animal 3
is an exception with a mean distance of around 80 pm. The distribution of cells in the bone marrow
is also depicted in Fig. 3.8F, with cells closer to the cortical bone surface shown in yellow and cells
furthest away shown in purple and blue. Only very few purple cells are visible, graphically depicting
the quantitative analysis.

In addition, the size of cells and cell clusters in the bone marrow (Fig.3.8D) and in the periosteal
site (Fig. 3.8E) was determined. In the bone marrow, around 5,500 cells in n = 5 bones were analyzed,

with around 600 cells mm 3

, except one bone with a density of 500 cellsmm 3. The largest cell clusters
ranged up to 60 — 70 pm diameter, the smallest cells and clusters were under 10 pm diameter and the
mean diameter was between 31 — 36 nm, indicating that most cells appear as small clusters. At the
periosteal site around 2,800 cells were analyzed in larger dense clusters (Fig.3.8E and Fig. 3.9E-H).

The size of the cells in these clusters was found to be smaller than in the bone marrow with mean

diameters around 20 pm (Fig. 3.8E).
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Fig. 3.8: Cancer cells were detected and quantified in five intact tibiae of tumor animals using LSFM.
LSFM images of one (virtual) section are depicted for (A) one entire bone, with enlargements of small cell clusters in
the bone marrow on the (A.1) upper diaphysis with highlighted endocortical bone surface, (A.2) lower diaphysis with
highlighted endocortical bone surface, (A.3) periosteal site as large dense cluster (marked with an asterisk) and (A.4)
in between muscle tissue as small clusters (marked with an asterisk). (B) MicroCT image of the same bone as shown in
A, with highlighted endocortical and periosteal bone surfaces. Quantification is shown in (C) with the distance of the
cancer cells to the cortical bone surface, the size of cancer cells and clusters (D) in the bone marrow and (E) in larger
periosteal clusters. (F) Graphical visualization of the distance of cancer cells in the bone marrow to the cortical bone
with a color code indicating the distance. (Asterisks indicate the presence of cancer cells and scale bars correspond to
500 pm and 200 pm respectively. N = 5 bones from five tumor animals, representative images from animal 2.)
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Fig. 3.9: Visualization of cancer cells in and on the bone using LSFM. Images showing cancer cells in the
(A) tibial diaphysis, (B) tibial proximal metaphysis, (C) tibial epiphysis and (D) fibula, as well as in the periosteal are
as (E) a large patch, (F) like ’pearls on a string’, (G) as a small patch and (H) as a large patch between tibia and
fibula. (Scale bars correspond to 500 pm (A-D) and 250 pm (E-F), cancer cells and patches are marked with an asterisk,
while periosteal and endocortical bone, as well as the growth plate are marked with yellow lines. N = 5 bones from five
animals.)

In summary we were able to both localize and quantify over 8,000 cells and cancer cell clusters in
the bone marrow and periosteal region of n = 5 intact bones, giving completely new insights on the

homing of cancer cells at the secondary organ bone.
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3.4.2 Validation of detection of cancer cells in frozen bone sections using confocal

laser scanning microscopy

Fig. 3.10: Detection of eGFP labeled cancer cells in bone cryo-sections using CLSM. (A) Tumor animal
with enlargement in (A.1) and (B) PBS control animal with enlargement in (B.1). (Scale bars correspond to 1 mm for
overview and 50 pm for enlargements. DAPI staining of the nucleus in blue, eGFP of the cancer cells in green. N = 6
bones from six tumor animals, representative images from animal 1 for A.)

In order to confirm the results of the LSFM analysis and to gain further insights about the homing of

the cancer cells, histological cryo-sections of the contralateral tibia of each animal were analyzed with
CLSM.

The results in Fig. 3.10 show a tumor animal with eGFP+ cancer cell invasion in the bone marrow
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(Fig. 3.10A with an enlargement in Fig.3.10A.1) and a healthy PBS animal sacrificed after 17 days
as a control (Fig.3.10B with an enlargement in B.1). The tumor animal shows many large strongly
fluorescent cancer cell clusters in the bone marrow, both in the metaphysis and the epiphysis. In
the PBS animal on the other hand, only some auto-fluorescent spots can be observed, but no larger

clusters of fluorescence are found.

3.5 Status of cancer cell clusters in bone marrow and characteriza-

tion of the surrounding extracellular matrix

With the help of LSFM we were able to detect, quantify and localize cancer cells in the bone marrow in
3D. To verify our findings, we used CLSM on sections from contralateral tibiae that were additionally
stained with DAPI and we detected the eGFP+ breast cancer cells. In order to investigate the pro-
liferation status of the cancer cells and characterize their structural microenvironment, in particular

FN fiber density in the ECM, further IF staining of sections was performed.

3.5.1 Proliferation activity

The proliferation state of the cancer cells and cell clusters in the bone marrow was analyzed using
the proliferation marker Ki67. This protein is present during all active phases of the cell cycle and
only absent in resting cells. Sections from four bones harvested from four tumor animals, that had
presented with osteolytic lesions in one of the other long bones and one bone having a trabecular
lesion (Fig.2.4), were imaged. In total 388 cells were detected in the bone marrow and analyzed for
the proliferation status. Results are shown in Fig. 3.11A (with enlargements in A.1, A.2 and A.3) and
quantification in Fig. 3.11B.

For all bones a distinct area with a large number of cancer cells was analyzed which was either the
metaphyseal or upper diaphyseal region. Three different states were defined: 1) Ki67 negative cancer
cells clusters (Fig. 3.11A), 2) Ki67 positive cancer cell clusters (Fig. 3.11A.2) and 3) cancer cell clusters
with a Ki67 signal on the edge, that could stem from either the cluster or other closely located cells
(Fig. 3.11A.3). High resolution examples of the single signals for Ki67 negative (Fig. F.1A-D) and Ki67

positive (Fig. F.1E-F) cancer cell clusters can be found in the supplementary materials.
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Fig. 3.11: Proliferation activity and FIN network analysis surrounding breast cancer cells in the bone
marrow. Results of CLSM shown for (A) Ki67 proliferation marker with enlargement (A.1) showing Ki67 negative cell
clusters, (A.2) showing Ki67 positive cell clusters and (A.3) showing cell clusters that have a Ki67 signal on the edge of
the cluster that can not be clearly associated (Ki67 edge). (B) Quantification of the Ki67 signal for all n = 388 analyzed
cells. Results of CLSM shown for (C) FN with enlargement (C.1) showing cancer cell clusters not in contact with FN,
(C.2) and (C.3) showing cancer cell clusters in close contact with FN. (D) Quantification of the FN network distribution
in the proximity of breast cancer cells of n = 327 analyzed cells. (Scale bars correspond to 500 pm and 50 pm for the
enlargements. DAPI staining of the nucleus in blue, eGFP of the cancer cells in green and Ki67 (A) and FN (C) in red
respectively. N = 4 bones from four tumor animals with osteolytic lesions in other long bones, representative images
from animal 3.)
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Out of 388 analyzed cells, 139 were found to be Ki67 negative, while 116 were clearly Ki67 positive
and 133 had a signal from the edge (Fig.3.11B). Therefore, a third of the cancer cell clusters in the

bone marrow can be claimed as non proliferative.

3.5.2 Fibronectin network analysis

As FN is one of the key proteins of the ECM and has been shown to be associated with cancer out-
growth, we studied the FN distribution in the proximity of breast cancer cells in the bone marrow
(Fig.3.11C, with enlargements in Fig.3.11C.1, C.2 and C.3) and quantification in Fig.3.11D. Over-
all, the FN density in the bone marrow is heterogeneous with some higher and lower density areas
(Fig.3.11C). The location of the cancer cell clusters with respect to FN was investigated and two
separate categories identified: 1) not surrounded by FN or only by few single fibers (Fig.3.11C.1), 2)
in close contact with FN network (Fig.3.11C.2 and C.3). Out of 327 analyzed cells (Fig. 3.11D), only
49 were not surrounded by a dense FN network (which corresponds to roughly 15%) and those were
mainly located in the diaphysis. 85% of the cells (278) were in close contact with a dense FN network.

Therefore, it is clear that cancer cell clusters seem to favor a FN rich microenvironment.

3.6 Early metastatic osteolytic lesions and alterations on the struc-

tural and biophysical bone microenvironment

Lastly, we aimed to characterize the structural and biophysical microenvironment of early metastatic
osteolytic lesions, using multiscale and multimodal imaging tools. Bone osteolytic lesions in femur
(Fig.3.12) and tibia (Fig. G.1) were analyzed and compared with intact regions within the same bone.
Different tools were used to study the compartments of the ECM. With the help of BSE microscopy,
the mineralized tissue is visualized. CLSM of rhodamine-stained tissue enables us to see the lacunae
and canaliculi network, while SHG imaging allows the detection of collagen fibers. Finally staining of
a section with H&E, gives an overview of the different tissue types, including mineralized tissue, soft

tissue and cells.

73



3. RESULTS

Fig. 3.12: FEx vivo characterization of an early metastatic lesion in cortical bone and comparison with
intact bone tissue in the same sample. (A) Overview BSE microscopy image of a femur with (B) enlargement
of a cortical lesion, as well as (C) CLSM of rhodamine-stained tissue, (D) SHG imaging of collagen fibers and (E)
H&E stain. (F) BSE microscopy enlargement of an intact bone region, as well as (G) CLSM of rhodamine-staining
tissue, (H) SHG imaging of collagen fibers and (I) H&E stain. (Asterisks indicates the presence of a lesion, scale bars
correspond to 1 mm and 200 pm in the enlargements. N = 5 bones from five tumor animals containing an osteolytic
lesion, representative images from animal 4.)

An overview image of the femur using BSE microscopy is shown in Fig.3.12A, with the mineralized
tissue of the bone being intact except for the cortical lesion close to the posterior growth plate (enlarge-
ment in Fig. 3.12B). The cortical bone is resorbed in nearly the entire cortical thickness, with only a
thin layer remaining on the endocortical side. This suggests that the lesion originates on the periosteal
side as shown in our eroded bone patch analysis. In the progression of such small osteolytic lesion, the
entire lacunae and canaliculi network is resorbed (Fig.3.12C). The collagen analysis with SHG also
shows, that all fibrillar collagen type I fibers that were part of the cortical bone have been resorbed
(Fig. 3.12D). Interestingly, the thick collagen layer in the periosteum is still intact (Fig.3.12D). The
lesion region is now filled with a completely new soft tissue, with high cell density of larger size, than
most cells found in other regions of the bone (Fig. 3.12E). The intact cortical bone on the anterior side
is visible in Fig.3.12A (with an enlargement in F'). In comparison to the lesion region, the mineralized
tissue (Fig. 3.12F) and the lacunae and canaliculi network within is fully intact (Fig. 3.12G). The entire
mineralized tissue is filled with aligned collagen type I fibers (Fig.3.12H) and an intact thick layer of

aligned collagen in the periosteum can be seen. The bone marrow shows small cells and no soft tissue
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can be seen in the area of the cortical bone.

An overview image of the tibia using BSE microscopy is shown in Fig. G.1A, with the mineralized tis-
sue of the bone being intact except for the trabecular lesion on the anterior growth plate (enlargement
in Fig. G.1B). The mineralized part of the growth plate is visibly thinned out in that region and the
surrounding trabeculae show a rough surface, indicating an ongoing erosion of the tissue. The CLSM
image of the rhodamine-stained tissue (Fig. G.1C) shows the same lesion and no lacunae or canaliculi
can be observed in the non mineralized region. The collagen fibers as shown in Fig. G.1D follow the
same erosion pattern shown in Fig. G.1B and C and seem to get resorbed together with the mineral
tissue. The growth plate on the posterior side on the other hand is still intact (Fig. G.1A and F).
The mineral layer of the growth plate is much thicker than in the lesion area, which is visible both
in the BSE microscopy image (Fig. G.1F) and in the rhodamine stained CLSM image (Fig. G.1G),
where both the edge of the mineralized region and the intact lacunae and canaliculi are visible. The
collagen fibers are also aligned along the borders of the mineralized tissue (Fig. G.1H) without any

sudden ends, as seen in the lesion region (Fig.3.12D).

In summary, in both early cortical and trabecular lesions, the mineralized tissue, embedded lacunae
and canaliculi, as well as collagen fibers within mineralized tissue are all fully resorbed and replaced
by a new soft tissue with high density of cells larger than those normally found in the bone marrow

or periosteal tissue.
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CHAPTER

Discussion

The aim of this work was to develop an experimental mouse model of breast cancer bone metastasis
for the 3D visualization and characterization of the early bone metastatic niche. We used microCT-
based time-lapse morphometry for our in wvivo experiments, and further developed the method. In
the first part of the study, we added a new bone surface interface definition, and by segmenting
epiphysis and metaphysis, we were able to create a baseline of bone (re)modeling in 12-week-old,
female BALB/c nude mice, that is more physiologically relevant for studying metastasis. With the
help of this baseline, we further developed the microCT-based method to detect alterations in bone
(re)modeling due to early bone metastasis. With a new eroded bone patch analysis tool, osteolytic
lesions in the cortical bone were detected and their growth over time was quantified. Visualizing bone
(re)modeling, osteolytic lesions in the trabecular bone primary spongiosa right at the mineralized
growth plate were identified. Finally we applied an ez vivo analysis pipeline that allowed us to study
the distribution of cancer cells in the intact bone in 3D, analyze cancer cell and cell cluster proliferation
state, characterize the FN network in the ECM, as well as an in-depth analysis of the osteolytic lesion
physical microenvironment in both cortical and trabecular bone. The following chapter puts our work
in the context of other studies and starts with our findings in physiological bone (re)modeling, followed
by pathological bone (re)modeling and the detection of osteolytic lesions. Then the detection of cancer
cells in the intact bone and the further analysis on proliferation and FN network are discussed, followed

by our characterization of small osteolytic lesions with various ex vivo methods.



4. DISCUSSION

4.1 Physiological bone (re)modeling

We used microCT-based time-lapse morphometry to study physiological bone (re)modeling in healthy
animals and found variations between epiphysis and metaphyis, femur and tibia, as well as spatial

gradients in the metaphysis.

4.1.1 Extension of bone (re)modeling surface parameters and influence of curva-

ture

The first fundamental step in this work was to build on the existing microCT-based time-lapse mor-

661167 by adding new definitions for bone surface interface parameters that are

phometry methods
influenced by bone curvature. We used the method to create a baseline and investigate physiological
bone (re)modeling in cortical and trabecular bone of female 12-week-old mice.

In this work, we found that four distinct surfaces can be described in the bone (re)modeling process,
which are all strongly influenced by the local bone curvature and therefore provide additional infor-
mation about the spatio-temporal development of the mineralized tissue. For bone mineralization, the
surface that can be described with static microCT or other imaging techniques and is visible after
harvesting the bone, is the MSgp/BS, newly introduced in this work. The MScp/BS on the other
hand can only be studied with microCT-based time-lapse morphometry data, or if the bone has been
labeled as it is done in classical 2D histomorphometric analysis. 2D histomorphometry was used in
the past to confirm results of microCT-based time-lapse morphometry 66 Birkhold et al. compared
the MAR to standard 2D histomorphometry. They found slightly lower values for 3D microCT-based
analysis, which can be explained by differences in resolution or a potential bias towards dominant
labels for 2D histomorphometry "% Further insights into the mineralization behavior can be obtained
by comparing the two surfaces, especially in the cortical bone, where the bone geometry plays an
important role. In trabecular bone on the other hand, the main influence on surface parameters, is
the overall bone (re)modeling. As trabecular bone is highly dynamic, the MScp/BS is significantly
smaller than the MSg7/BS.

For bone erosion, the in this work newly introduced EScp/BS is the surface present after harvesting
the bone, but can only be studied if prior knowledge of the bone status (for example through a mi-
croCT scan) is available. The same holds true for the ESgp/BS, which is already eroded and therefore

no longer detectable. Both erosion surfaces can only be studied well with the help of microCT-based
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time-lapse morphometry. The ES/BS is therefore not frequently used in other studies, but shows
immense importance when studying osteolytic disease'*!]. An important insight into the erosion ge-
ometry and the (re)modeling of the overall bone can be gained from the combination of both surfaces.
We were able to show, that the constant bone interfaces are more sensitive to study physiological bone
(re)modeling in cortical bone, while the soft tissue interfaces are better suited to study physiological
changes in trabecular bone. Only a combination of all four surface parameters allows a full picture
of the dynamic processes though. The definition of the four distinct surfaces and the influence of
bone curvature on them is a completely new approach, which can only be studied with the method
of microCT-based time-lapse morphometry. In the past only the interfaces relevant for (re)modeling

on a flat surface had been taken into account 66! [67] [70]

. By describing all four relevant interfaces, we
were able to expand the spatial understanding of the bone (re)modeling process.

Especially in the surface (re)modeling analysis, the threshold approach plays a critical role, as events
could be missed or systemic errors introduced. A common and widely used approach is to use a fixed
mean threshold 2%, This threshold is determined by calculating the threshold per ROI and time point
with a common method, taking the mean of all these thresholds and afterwards using it as a fixed
mean threshold for all ROIs. According to the guidelines?5], other threshold approaches are also ap-
plicable, if the mineralization is not expected to be the same for all ROIs at all time points. In this
work, the differences in mineralization between day 0 and following time points day 17-45, were sig-
nificantly different as shown in Fig. B.1. In case of a fixed mean threshold, the mineralized tissue of
the reference scan is underestimated (Fig.B.1G and H, only orange voxels). The differences at day
45 are on the other hand very small, with only a few voxels added on the surface if a fixed mean
threshold is used (Fig.B.10 and P, green voxels). Thus, with a fixed threshold, the mineralization
over time is overestimated mainly by missing voxels at the reference time point. For this reason, in
this study a variable threshold, determined by consistently using the Otsu method under visual con-
trol was used 1%, This approach captures the dynamics of mineralization best, especially since small

differences between reference scan at day 0 and later time points are compared.

4.1.2 The importance of segmenting epiphyseal from metaphyseal regions in long

bones when studying disease models

One major step in analyzing microCT derived data is choosing the right ROI?51. We were able to show

in Fig. 3.2, that the epiphysis and the metaphysis in the long bones of 12-week-old skeletally mature

79



4. DISCUSSION

mice, (re)model significantly different from each other and should therefore be analyzed separately from
each other and treated independently. This observation can be explained by the differences in structural
development in those two compartments. The epiphysis derives from ossified cartilage[no] and is, thus
less prone to bone turnover, while the metaphysis undergoes several cycles of bone (re)modeling during
development. The differences in the two regions might become smaller with age once long bone growth
has reached a plateau. The differentiation of the regions is especially important in cancer research, as
it has been shown, that the primary spongiosa close to the growth plate and the secondary spongiosa
located in the metaphyseal region are prone to be the origins of trabecular osteolytic lesions 2. We
were able to show this with the help of a pilot model of metastasis (Fig. E.1). Even in the presence of
a large osteolytic lesion, the epiphysis stays completely intact, while the primary spongiosa is heavily
eroded, emphasizing the need to treat these regions separately[1%°l. This finding is in accordance with
the work of He et al. where the intact epiphysis can be observed in histological sections even in the

103]  In addition, leaving out the primary spongiosa would lead

presence of large osteolytic lesions!
to a lack of comprehensive information. Consequently, the segmentation of metaphysis and epiphysis
gives the opportunity to study pathological (re)modeling in the entire affected metaphyseal region,
without the interference of non-affected epiphyseal parts. This method of segmentation could also be

interesting for other disease models like osteoarthritis, where the primary target is the subchondral

bone, hence the epiphysis[113].

4.1.3 Differences in (re)modeling of morphologically similar regions in femur and
tibia
Another important focus point of this study was the comparison of the femoral distal metaphysis
and the tibial proximal metaphysis, two regions that share many morphological features and are
interchangeably used in bone (re)modeling studies or disease models. The established parameters,
including new surface parameters and the clear definition of the ROI allowed us to find significant
differences in bone (re)modeling between the two regions, thus a baseline parameters for volume,
surface and MAR/MRR in healthy bones of 12-week-old female BALB/c nude mice. The results were
validated with the help of conventional static microCT analysis. The comparison show, that the femur
is undergoing less (re)modeling and is therefore at a more stable homeostasis state at the described age
(12-18 weeks). The tibia shows higher values of newly mineralized bone in both cortical and trabecular

regions, visible in volume, surface and MAR. The differences we observe especially in the cortical bone,
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might be related to the specific structure-function relationship caused by the biomechanical loading of

e 1] [1I5] [116] N ost bone loading studies are performed on the tibia 117

tibia and femur in the mous
due to accessibility with the experimental setup. However, the transfer of such limb-loading data to
the femur or other long bones should be reconsidered in light of these findings.

If we compare our data to previously reported analysis using dynamic in vivo microCT of tibiae of
10-week-old BALB/c mice, we can see that the diaphysis is as expected (re)modeled far less 6] while
the proximal tibia shows a similar trend of higher mineralization and lower erosion in both volume and
surface. The higher mineralization rates are particularly interesting with regards to the study by Chiou
et al., who found that animals injected with cancer conditioned media showed more mineralization

on both cortical and trabecular bone®!. They suggest a preference for cancer cells to home to newly

immature mineralized regions and thus the tibia overall.

The rationale behind using these specific presented parameters for volume, surface and MAR/MRR
over many other possible dynamic morphometry parameters, was to provide a broad picture of bone
(re)modeling over time, while using read-out frequently reported in analogous studies using microCT-
based time-lapse morphometry 661671 (70] By combining volume and surface, we are able to study global
and more detailed (curvature influenced) changes in bone (re)modeling, while the MAR and MRR
describe the dynamics behind these processes. Therefore, with the combination of volume, surface and
MAR/MRR, a global and dynamic result clearly showing the trends can be obtained in a short time,

which is especially important with time-lapse in vivo studies.

4.1.4 Spatial gradients in bone (re)modeling

In addition to the temporal evolution of bone (re)modeling, we studied the spacial gradients in femur
and tibia cortical bone, thus providing an additional spatio-temporal dimension to this baseline. As
had been shown in the temporal evolution, the tibia has a higher mineralization starting closer to the
growth plate and that stayed significantly higher for the entire metaphyseal region. The femur on the
other hand has higher erosion values closer to the growth plate which needs to be considered when
establishing osteolytic disease models. The spatial evolution of trabecular bone was not studied in this

work, as it is strongly influenced by the curvature of the growth plate.

Overall, we have created an important baseline for physiological bone (re)modeling in frequently

studied regions, using BALB/c nude mice, which is an important mouse strain used for studies in
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metastatic bone disease. This is a crucial starting point to study early pathological or rare events.
This physiological bone (re)modeling baseline enables us to further deepen our understanding of

pathological procedures, for example in breast cancer bone metastasis.

4.2 (Re)modeling in the presence of (systemic) cancer cells and de-

tection of osteolytic lesions

One of the most important accomplishments of this work, was to use the enhanced method of microCT-
based time-lapse morphometry to study bone (re)modeling after cancer cell injection. We compared
the (re)modeling behavior of tumor injected animals that did not form a detectable osteolytic lesion
in any of the two limbs, to animals with physiological bone (re)modeling, discussed in section 4.2.1. In
addition, we further developed the cortical bone analysis by creating an eroded bone patch analysis
tool to detect small osteolytic lesions and track their volume over time. In a last step, we used the
advanced visualization of the bone (re)modeling analysis to detect osteolytic lesions in the primary
spongiosa of trabecular bone in both tibia and femur. Overall, we have successfully enhanced and used
a powerful tool to study bone (re)modeling in the presence of cancer and introduced new advancements
that allow us to detect and study small cortical and trabecular osteolytic lesions. This is discussed in

4.2.2 for lesions in cortical bone and in 4.2.3 for trabecular compartments.

4.2.1 Altered (re)modeling in animals without detectable osteolytic lesions

Our first analysis focused on animals that were injected with cancer cells but did not show evidence
of osteolytic lesions in the tibia or femur based on microCT analysis. We wanted to investigate any
systemic effect of circulating tumor cells (CTCs) or established tumors in other regions on bone
(re)modeling in long bones. We observed significant changes in the trabecular bone (Fig. 3.5) that is
more prone to bone (re)modeling and similar trends were also observed in cortical bone (Fig.D.1).
Trabecular bone in both femur and tibia showed increased mineralization in volume and surface, with
significant differences compared to control animals detectable at later time points (31 days onward).
The differences were more pronounced in the tibia, which is also more (re)modeled in the physiological
state compared to the femur. In addition, we found that the erosion is slightly down regulated in the
tibia, shown in the volume and surface parameters, but specifically in the MRR.. Lower MRR can also

be detected for some time points in the femur. These findings show a clearly different trend compared
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to animals with large osteolytic disease as described in the literature (7).

In the context of the pre-metastatic niche, Chiou et al. had shown a similar trend of more mineralized
bone in animals injected with with tumor conditioned media, suggesting that the increased mineral-
ization is not caused by direct cancer cell contact!® and could precede osteolytic disease caused by
metastasis. It has also been reported that cancer cells secrete factors that expand the osteoblast pop-
ulation, leading to ’educated’ osteoblasts, which cause tumor cell suppression and p21 upregulation in
tumor cells1!8). Currently, it is not known which tumor derived factors are responsible for the changes
in osteoblast activity[ng] and the only well established path is the stimulation of RANKL expression
by parathyroid hormone-related protein (PTHrP) [100][120] ' Brown et al. had shown though, that the
location of tumor cells is crucial for the fate of bone cells, as cancer-induced changes in osteoblast and
osteoclast numbers differed substantially depending on whether or not the bone cells were in direct
contact with tumor cells. In particular, in areas not in direct contact with tumor cells, they showed
increased numbers of osteoblasts and reduced numbers of osteoclasts, compared to controls, which
aligns with our findings 9.

The presented findings cause a controversy in the field and we speculate about two possible mechanisms
behind this increase in mineralization and partial reduction in erosion in animals with CTCs or metas-
tasis in other sites, but no evidence of osteolytic lesions in the long bones. It could be a mechanism
by breast cancer cells from the primary tumor or other secondary sites to prepare the premetastatic
niche and increase the chances of establishing metastasis at later time points. For prostate cancer,
which is accompanied by osteoblastic bone disease, it has been shown that their homing is supported

by an osteoblast-rich niche 21

. The same has only been postulated for breast cancer with no clear
evidence yet 91,

As alternative mechanism, it has been suggested that the increased mineralization might be a reaction
to prevent the homing and proliferation of cancer cells, for example by creating ’educated’ osteoblasts
that suppress cancer cell proliferation 8. Our current experiments cannot shed light on this contro-
versial debate, but future experiments, combining microCT-based time-lapse morphometry to study
bone (re)modeling in combination with techniques like intravital imaging to monitor the cell invasion
are important tools. They could help us to understand the cascade of events and mechanisms behind

this increase in bone mineralization in long bones during early bone metastasis, in absence of osteolytic

lesions and with CTCs or established tumors in other regions.
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Another point to be considered is the effect of radiation. The control PBS injected and the tumor
animals without lesion were subjected to a high radiation dosage due to their by-weekly microCT
scans. This might have had an influence on overall bone (re)modeling, and as we could see from later
histological analysis, it caused a visible increase of adipocytes in the bone marrow. This has to be
taken into account, especially in ex vivo studies. The here shown bone (re)modeling changes are still
influenced mainly by the cancer cell injection, as all groups were treated with the same radiation

dosage.

To summarize, here we have presented a temporal quantitative analysis of increase mineralization in
trabecular bone of tibia and femur of animals with CTCs but without established osteolytic lesions in

those long bones, in direct comparison with physiological (re)modeling in healthy animals.

4.2.2 Detection and tracking of small cortical osteolytic lesions based on micro-

computed tomography

In this work we have presented a new mathematical tool to detect and track the evolution early
osteolytic lesions, with initial sizes as small as 0.004 mm?. The eroded bone patch analysis helped us
to reliably find cortical osteolytic lesions as early as two weeks after cancer cell injection (with the
first time point measured). The tool was tested with healthy PBS injected animals for up to six weeks
post injection, to rule-out the detection of non-pathological erosion patches.

A similar tool was developed in the past by Campbell et al., where a distance transformation was used
to detect the osteolytic lesions'22. A lowest distance of 150 pm for all planes (in x,y and z) was used
in the work by Campbell et al., omitting the specific characteristic of osteolytic lesion to grow across
the cortical thickness. In addition, the published tool was not tested on healthy mice, that undergo
major (re)modeling especially at early ages (before 12 weeks). Our eroded bone patch analysis has
proven reliable in finding early osteolytic lesions without detecting physiological eroded bone patches.
With the help of this the eroded bone patch analysis tool we were able to detect two different kinds
of osteolytic lesions in the cortical bone. The majority of cortical lesions in this study were either
located or initiated at the periosteal side (n = 5 out of 6). This type of cortical lesion had not been
much reported in the past, but we found it to be the most frequent form of lesion in our entire study.

It is widely accepted, that osteoclasts are activated by cancer cells to cause osteolytic lesions 23]

[124]

and osteoclasts have been reported to be located in the periosteum , making this one possible
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mechanism for the formation of lesions at the periosteal region. Wang et al. on the other hand showed,
that osteoclast activity does not play a major role in the early stages of metastasis [125] and it has
been debated, that tumor cells themselves might play a role in the resorption of mineralized bone 126,
The second type of cortical lesion found in this study, was an endocortical lesion with trabecular
involvement. In this type of lesion both cortical and trabecular bone get eroded and we had shown

the progression of such a lesion over a longer time with a pilot animal (Fig. E.1) [105],

In summary, we have developed a new and reliable tool to detect and study osteolytic lesions in
cortical bone. We were able to differentiate two different types: lesions originated in the periosteal vs.

endocortical site, which might be caused by different types of bone erosion.

4.2.3 Detection of small trabecular osteolytic lesions based on microcomputed

tomography

Next to cortical lesions, we analyzed very early lesions in the trabecular bone. All of the lesions were
detected two weeks after the cancer cell injection and were located at the growth plate area, erod-
ing the mineralized primary spongiosa (n = 4). We found smaller lesions at the lateral and medial
edge of the bone, and slightly larger lesions between the condyles. The growth plate is one of the
most (re)modeled areas within the bone and further supports the idea, that (re)modeling could be
a driver for metastasis. Previous studies have also found that younger mice that undergo high bone
(re)modeling suffer from more metastasis than older animals after intracardiac injection, even if the

same number of cells arrive to the bone [102]

. To overcome this, we used skeletally mature 12-week-old
mice, but the local (re)modeling that is present in animals at all age could be a driver for metastasis.
This theory gets further supported by the fact that most lesions, cortical and trabecular, are found
in the metaphysis, a more (re)modeled region than the diaphysis or epiphysis. On the other hand, we
saw more (re)modeling in trabecular bone compared to cortical bone in both healthy and diseased
animals. We did not find more osteolytic lesions in trabecular bone though. One reason for this could
be, that trabecular lesions at early stages are more difficult to capture. In addition, the surface of
cortical bone is also highly (re)modeled and a correlation between (re)modeling in specific areas and
the onset of metastatic lesions would be highly interesting. Further studies with patient data could

show if the observation of trabecular lesions starting at the growth plate also holds true in human

disease, which might help to advance screening by localizing early events at specific areas.
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In this study, trabecular lesions were detected visually with the help of both original microCT images
and microCT-based time-lapse morphometry, which might also lead to an underestimation of trabecu-
lar lesions in this study. Ideally, an objective tool like the eroded bone patch analysis for cortical bone,
should be established for the trabecular compartment. Cortical bone is dense and (re)modeled only in
particular regions (endosteum and periosteum), which is an advantage when creating neighborhood
based or other mathematical tools. Trabecular bone on the other hand, has many different morpholog-

ical features, with larger trabeculae in the secondary spongiosa (20 — 70 pm [127])

and a very thin and
dense network of trabeculae in the primary spongiosa. In addition, trabecular bone is far more dynamic
than cortical bone and highly (re)modeled, as shown in this thesis['%). These factors make it more
difficult to establish specific parameters like the neighborhood analysis we have performed in cortical
bone, in order to detect an osteolytic lesion in trabecular bone. As the primary spongiosa seems to be
a key target for osteolytic lesion, a further segmentation into primary and secondary spongiosa might
help with finding an adequate tool. The primary spongiosa is highly influenced by the 3D curvature
of the growth plate though, which makes this segmentation quite complex. Overall, the data we have

presented open up a lot of possibilities to establish a tool in the future to (semi)automatically detect

osteolytic lesions in trabecular bone.

4.3 Cancer cell detection in the intact bone

After successfully establishing our in vivo model, we wanted to analyze the soft tissue and cellular parts
involved in the process of breast cancer metastasis in the bone. The main critical step in this analysis is
the detection of the breast cancer cells in the bone, which is usually done by section staining. In order
to retrieve a more complete picture, we optically cleared the bones and analyzed the fluorescently
labeled cancer cells in the intact bone with LSFM. In doing so, we had access to a far larger number

of cells and much better spatial knowledge.

4.3.1 Cancer cell cluster localization

We studied the homing and localization of cancer cells and cell clusters for the first time in the intact
3D bone marrow, having the full spatial information. In addition, this gave us access to a far larger
number of cells as roughly 8,000 cells were analyzed. The question of localization of cancer cell in

the bone had been previously addressed in much detail using 2D sections, studying different types
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of niches. Carlson et al. came to the conclusion, that cancer cells home in the perivascular niche, by
analyzing the co-localization of the cells to blood vessels, osteoblasts and megakaryocytes®. Wang
et al. on the other hand used immunological staining of RUNX2 and Osterix to show that cancer cells
were in direct contact with cells expressing these factors and hence finding them to be in the osteogenic

niche [125]

. In our study we found cancer cells to be sitting preferably close to the endocortical bone
surface, with a clear preference for the anterior side also seen in 2D sections, which is in contrast with
previous findings that see a preference in the medial region 2!, Our findings could align with findings
from both Carlson et al. as the cortical bone is permeated by many fine trans-cortical blood vessels 18],
Also the finding of Wang et al. would align with our results as the endocortical bone surface is home
to bone forming osteoblasts and a high level of mineralization is occurring on the endocortical bone of
the tibia as we could show in this work[19]. A more detailed analysis of the intact niche making use of
additional stainings for blood vessels and osteoblasts could shed light on the highly debated question
of the preferred niche for cancer cells.

In our work, we show for the first time that already two weeks post-injection cancer cells can be
found in different long bones (femur, tibia and fibula) and in all bone compartments including the
epiphysis, metaphysis and diaphysis. This is specifically interesting in light of our in vivo microCT-
based study. We clearly described a preference for osteolytic lesions to form in highly (re)modeled
areas, like the primary spongiosa. In addition, no lesion was detected in the epiphysis or the diaphysis
(visual control), leaving the metaphysis as the preferred site. Therefore, the ability for the cancer cells
to reach certain locations is not sufficient as an explanation for the formation of osteolytic lesions.
This rather strengthens the hypothesis of antimetastatic niches as recently postulated for the skeletal
muscle and parts of the bone marrow, describing inhospitable microenvironments where metastases
occur rarely, if ever. Tumor cells are able to disseminate to these sites, but cannot colonize them in a

meaningful timeframe, leading to the term ’antimetastatic’ 128,

4.3.2 Cluster formation

The size of the eGFP+ breast cancer cells that were found in the 3D analysis was around 30 pm in
diameter. In combination with IF imaging of 2D sections with CLSM, it was shown that the cells
form small very tight clusters. These clusters were mostly found in the bone marrow compartment
but also on the periosteal side. Cells were rarely detected as single cells, but often in small clusters of

2-3 cells or in line like 'pearls on a string’ (Fig.3.9). In addition, we found large cancer cell clusters
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of up to several hundred micrometer diameter in the periosteum (Fig.3.9E). Similar observations of
large clusters could not be made in the bone marrow. This might indicate that only small clusters or
single cells can traverse capillaries and home in the bone marrow. In addition, the large clusters in
the periosteum could be a sign of a more advanced stage of metastasis and are well in line with the
osteolytic lesions we find in our microCT analysis, starting at the periosteum. The ability for cancer
cells to form clusters has been described in the past and it was shown that clusters have a higher

(129] In this work we show for the first time the

potential to survive and form lesions than single CTCs
localization and size of clusters with 3D imaging of (intact) bones using LSFM and validation with
detailed IF imaging of 2D sections. Further studies are necessary to understand the process behind the

formation of these tight clusters and their metastatic potential depending on their localization.

4.4 Characterization of cancer cells in the bone marrow

(128 Tn order

The bone marrow has been shown ot be both a metastatic and antimetastatic niche
to understand the proliferative status of cancer cells we investigated the Ki67 proliferation marker.
To characterize the surrounding ECM, we analyzed the FN protein network. Both analyses were

performed with IF staining of 2D sections and CLSM imaging.

4.4.1 Cancer cell cluster proliferative status

High proliferation is a sign for an outgrowing metastasis, often stained for with the proliferation marker
Ki67. The absence of this marker in combination with other stainings (for example p21), is currently
used to show that cells are in a dormant, non active state. Miller et al. showed in the past, that the
absence of Ki67 is a clear signal, that a cell is in GO/G1 phase, but even positively stained cells could
be in a GO/G1 state139. Therefore, Ki67 alone cannot be used as a marker for dormancy, but it is an
important indicator to show if metastatic cell clusters is not yet highly proliferative or the opposite
holds true. We found that only around a third of the cell clusters analyzed had a clear signal for Ki67+,
and could therefore be categorized as active. Especially in the diaphysis, we found many cells with
no or only a partial Ki67+ signal on the edge. This supports the theory that certain regions of the

bone marrow could be antimetastatic 128l

and therefore resulting in a low proliferation of cancer cells
homing there. Further investigations using additional dormancy markers like p21 could be helpful to

establish the idea of bone compartment dependent antimetastatic or dormancy inducing regions. The
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(re)modeling of these regions studied with microCT-based time-lapse morphometry could in addition

be used to investigate the role of newly mineralized tissue on the activity of homed cancer cells.

4.4.2 Fibronectin microenvironment in the bone marrow

The influence of the ECM in the bone marrow on bone metastasis progression is currently understud-
ied. We were able to show, that cancer cells have a clear preference to home close to dense FN fibers,
with FN being a key ECM component. FN is also known to be incorporated between endothelial and

perivascular cells in blood vessels 131

. This leaves room for two possible hypotheses: 1) a preference for
cancer cells to home in the perivascular niche due to the access to vascularization or 2) a preference to
homing in FN rich areas. Further studies are necessary to understand the interactions between cancer
cells an FN, since our study clearly shows an abundance of the protein in the bone marrow and the
preference for cancer cells to home close to dense FN areas.

Changes in stiffness of the microenvironment strongly influence cell fate (e.g. stem cells) 3. In the
context of cancer this has been recently shown by Di Martino et al. investigating the role of collagen

[132]

type III in the context of cancer cell dormancy . FN on the other hand is an important component

of the ECM interacting with collagen, as collagen type I deposition is primarily dependent on previ-

ously assembled FN networks133)

. In addition it has been shown that the FN tension is dramatically
decreased in tissues infiltrated by cancer cells, caused by the presence of alpha-smooth muscle actin
(a-SMA) expressing myofibroblasts (also known as cancer-associated fibroblasts)[*?!. Altogether, this
suggests that the complex biophysical microenvironment with stiffness gradients, in part determined
by the interaction of various ECM structural components, might play a crucial role in the establish-
ment of larger lesions. Molecular processes involved in the sensation of stiffness changes referred to as
mechanotransduction are currently investigated. A prominent member is the yes-associated protein
(YAP) /tafazzin (TAZ) pathway'34. In a collaborative project with another doctoral researcher in
our group, Dr. Bakhshandeh, we were able to show the stiffness dependent nuclear localization of the
four-and-a-half LIM domains 2 (FHL2) protein, leading to p21 expression and breast cancer cell qui-
escence. [F staining of cancer cells or small cell clusters in the bone marrow showed a clearly nuclear
FHL2 signal in the absence of Ki67. Within osteolytic lesion regions, the FHL2 protein was localized
in the cytoplasm and a Ki67 signal was detected. The complementing in vitro studies show, that this

effect and the resulting quiescence can be fully induced by changes in the stiffness of the surrounding

3D matrix (Bakhshandeh et al., in preparation). However, detailed mechanisms of mechanotransduc-
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tion have rarely been fully elucidated, particularly in vivo, and are an important focus of ongoing

research.

4.5 Characterization of small osteolytic lesions

With the help of our powerful in vivo microCT-based eroded bone patch analysis tool we were able
to detect osteolytic lesions two weeks after the cancer cells had been injected. At this point the
lesions were still small and in a very early phase. In addition, we used the microCT-based time-lapse
morphometry visualization to detect osteolytic lesions in trabecular bone at the same early time point.
With our ez vivo multimodal analysis, we have studied different parts of the metastatic cortical and
trabecular lesions, with focus on the mineralized tissue, collagen fibers and the type of new tissue/cells

invading the space.

As we have described before, different types of osteolytic lesions have been detected: cortical lesions
on the periosteal side, endocortical lesions with trabecular erosion and fully trabecular lesions. Here
we show the ex vivo analysis for a cortical lesion starting at the periosteum and a trabecular lesion
close to the growth plate. In both cases the BSE microscopy images confirmed the microCT findings.
Previous work focusing on the mineralized tissue has shown animals with massive lesions, 4-6 weeks
after injection, where much of the mineralized tissue had already been eroded and, hence, no clear
localization and trace of the onset of the lesion could be made!1%3.

With the help of rhodamine staining and CLSM, as well as SHG imaging, we were able to show that
even in small lesions, the collagen fibers and the entire mineralized tissue were resorbed. This means
that important structures of the canaliculi network were dramatically disrupted, especially in the case
of cortical lesions spanning the entire cortical thickness. The canaliculi network plays an important
role in the mechano-sensitivity of the bone through fluid flow patterns[”). The disruption of these
patterns and the apoptosis of osteocytes could in return change the 'biophysical sensitivity’ of larger
bone areas. In addition, the network architecture could get hijacked by cancer cells for long distance

signaling to other bone parts. Future work could focus on the exact location of cancer cells in relation

to lacunae and canaliculi, to answer some of the important questions raised within this work.
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Conclusion

Aim 1: To define baseline parameters of physiological (re)modeling in specific bone areas, in order
to quantify the dynamics of bone (re)modeling in a reliable way, while also being sensitive enough to
detect region specific pathological alterations.

In this work we presented a new baseline for physiological bone (re)modeling in skeletally mature
12-week-old female BALB/c nude mice. We advanced the method of microCT-based time-lapse mor-
phometry by introducing new definitions of bone surface interfaces and showing the influence of local
bone curvature. In addition, we improved the selection of the ROI, segmenting the epiphysis from the
metaphysis, allowing the analysis of the full metaphysis including primary and secondary spongiosa,
which is specifically important in osteolytic cancer disease models. By doing so we have created a
powerful tool to investigate the dynamics of bone (re)modeling using volume, surface and apposi-
tion/resorption rate. We were able to show major differences in the (re)modeling of epiphysis and
metaphysis, which have never been shown before. We also showed variations in the (re)modeling be-
tween morphologically similar regions in proximal tibia and distal femur. The here established in vivo
method could have applications in various disease models including osteolytic alterations like breast
cancer metastasis or multiple myeloma, as well as osteoporosis or osteoblastic alterations as seen in

osteosarcoma and prostate cancer metastasis.

Aim 2: To quantify changes in the bone (re)modeling dynamics after cancer cell injection in animals
without detectable osteolytic lesions in the long bones.
Using this advanced method of microCT-based time-lapse morphometry, we were able to show differ-

ences in animals with pathological bone (re)modeling without detectable osteolytic lesions compared
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with physiological bone (re)modeling in control animals. Surprisingly, it was found that the animals
have higher rates of newly mineralized bone in comparison to healthy animals. This finding aligns with
previous studies, but the dynamics and site specific differences were shown quantitatively for the first
time in this work. In addition, it highlights the need to understand if this enhanced mineralization is re-
sulting in a premetastatic or antimetastatic niche. MicroCT-based time-lapse morphometry combined

with other advanced imaging techniques could be an important tool in answering this question.

Aim 3: To establish a sensitive and robust tool able to detect the onset and track the growth of small
osteolytic lesions in cortical bone, while being able to distinguish them from physiological bone erosion.
We then developed a novel and reliable eroded bone patch analysis tool to detect early cortical oste-
olytic lesions and track their evolution over time. Small lesions were already detected at the first day
of measurement two weeks after cancer cell injection. The eroded bone patch analysis tool was tested
with control animals to rule out any erosion patches stemming from physiological bone erosions of
12-week-old female BALB/c nude mice. With the help of this novel tool, we were able to identify os-
teolytic lesions at an early time point, track them over several measurements and quantify the volume
changes over time. Thanks to 3D visualization we were able to identify the location of the onset: some
lesions started in the periosteum, others in the endocortical bone. This had not been shown in such

detail before.

Aim 4: To detect and categorize all types of osteolytic lesion in both cortical and trabecular bone.

In addition, we found the onset of trabecular lesion at the growth plate in the primary spongiosa
thanks to the 3D visualization of the bone (re)modeling analysis. This region is often not studied as
it is very porous and cannot easily be separated from the epiphysis, but is highly (re)modeled, which
might enhance its potential for metastatic outgrowth. The combination of both cortical and trabecular
analysis allowed us to describe three different types of osteolytic lesions forming from breast cancer
metastasis in the bone: 1) cortical lesions initiating in the periosteum, 2) cortical lesions initiating in
the endocortical bone with trabecular erosion and 3) trabecular lesions in the primary spongiosa. It is
the first time that such a detailed analysis and categorization of different lesion localization has been

performed and this shows great potential to enhance screenings in clinical cases.

Aim 5: To visualize and map in 3D fluorescently labeled cancer cells and small cell clusters in the
marrow of 3D (intact) bones using 3D LSFM.

We started the ex vivo analysis by the invasion of cancer cells in the bone marrow and in the surround-
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ing bone tissue, visualizing 3D (intact) bones using optical clearing and LSFM. We quantified the size
and location of up to 8,000 cells, gaining completely new statistical relevance and spatial information.
We found that in the bone marrow, cancer cells predominantly home close to the cortical bone surface
with a preference for the anterior side as also seen in 2D sections. We also found that most cells tend to
home in the form of small cell clusters with a mean diameter of around 30 pm. Our findings support the
hypothesis of specific regions having a positive or negative influence on the ability to form osteolytic
lesion, as cancer cells were detected in all parts of the bone environment, including the metaphysis,
epiphysis, periosteum and periosteal muscle. However, osteolytic lesions were predominantly found
with microCT in metaphyseal cortical and trabecular bone. Such 3D correlation between presence of

cancer cells and site-specific appearance of lesions is shown in this work for the first time.

Aim 6: To characterize the proliferation activity and the structural microenvironment of cancer cells
and small cell clusters in the bone marrow.

We then investigated the proliferative state of cancer cell clusters and characterized the FN network
in the ECM surrounding them. We found that at least a third of the cancer cells and cell clusters
colonizing the bone marrow were not proliferative. Overall, 85% of colonizing cells had a strong
tendency to home close to dense FN networks. These first findings invite further investigations of
the ECM architecture, composition and correlations with the proliferative state of cancer cells and

cells clusters.

Aim 7: To characterize the structural and biophysical microenvironment of small osteolytic lesions at
early stage bone metastasis using multiscale and multimodal imaging tools.

In the last part of this study, we studied the structural and biophysical microenvironment of the
osteolytic lesion with different imaging tools. We showed that even in early stages of metastatic bone
disease, the mineralized tissue including the collagen fibers are fully eroded in the osteolytic lesions

and filled with new soft tissue with high cellular density metastatic cells.

Overall, we have established a baseline for physiological bone (re)modeling using microCT-based time-
lapse morphometry. We used this new baseline to detect pathological bone (re)modeling in tumor cell
injected animals without detectable osteolytic lesions. As a next step, we developed a new mathemati-
cal tool to detect and analyze early osteolytic lesions in cortical bone. We visually detected trabecular
lesions and classified all lesions according to their anatomical location. We were able to study the

homing of cancer cells in the bone marrow with the help of optical clearing and LSFM for the first
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time giving full 3D information about their size and spatial distribution. We then characterized the
cancer cells in the bone marrow, as well as the ECM. Lastly, we studied early osteolytic lesions with
multimodal methods characterizing the onset of such lesions for the first time (Fig.5.1). Our work
gives important 3D information and new perspectives on various states of cancer research including the

debate on pre- or antimetastatic niches, homing and the onset of metastasis in the long bones.

A microCT B C

Dynamic microCT-based Eroded Bone Patch Analysis
time-lapse morphometry

. Constant Bone
Eroded Bone Patch Core

Mineralized Bone
. Eroded Bone Patch

Eroded Bone

G CLSM of rhodamine staining SHG imaging

Fig. 5.1: Multiscale characterization of a larger osteolytic lesion with in vivo and ex vivo methods Larger
osteolytic lesion in the proximal metaphysis, visualized (A) with ez vivo microCT and in vivo bone (re)modeling shown
in (B) with (C) additional eroded bone patch analysis. Visualization with (D) LSFM, (E) Movat’s pentachrome staining,
(F) TRAP staining, (G) CLSM of rhodamine stained tissue, (H) with SHG imaging showing the collagen fibers, (I)
BSE imaging showing the mineralized tissue and . (Scale bars correspond to 1,000 pm (A-C), 500 pm (D) and 250 pm
(E-I), data shown for day 28 from left tibia of animal 6.)
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Future Perspective

With the advanced method of microCT-based time-lapse morphometry, future work could focus on
the bone (re)modeling before osteolytic lesions occur. To do so, an additional measurement time point
(e.g. day 10) could be introduced. This should give the cells enough time to establish themselves in
the bone marrow, but would still provide interesting details on bone (re)modeling in specific preferred
lesion areas. Such an experimental design would show if newly mineralized bone is in general more
permissive to osteolytic attack by cancer cells or is rather serving a protective function (anti-metastatic
niche hypothesis).

Another experimental design using microCT-based time-lapse morphometry as a monitoring tool to
study the effects of cancer cell derived factors, would be an injection of tumor conditioned media
followed by an intracardiac injection with breast cancer cells. This would show both enhanced miner-
alization and the potential effect on the ability of cancer cells to metastasize in those regions.

In order to fully understand the onset of metastasis with the here used mouse model, a mathematical
tool to detect and quantify trabecular lesions could be established. This would prove useful in many
different experimental designs and could be used for other osteolytic or even osteoblastic disease mod-
els.

In addition, further cellular and molecular analyses of the found cancer cell clusters could be per-
formed, to understand the cellular interactions and evaluate if they have an increased metastatic
potential over single cells or smaller clusters. Especially the larger periosteal cancer cell clusters have
not been shown before and in combination with the osteolytic lesions we found initiating from the
periosteum, this opens up many interesting research questions.

Further this work could be paired with new studies, ideally using 3D information, investigating the
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role of osteoblasts and osteoclasts in the establishment of early osteolytic lesions. One major question
here would be to understand if the cancer cells are able to erode the mineralized tissue themselves in
these early stages. Both immunostaining and CLSM, as well as optical bone clearing and LSFM could
prove to be powerful tools to study the cellular involvement in a spatial context.

Aside from the cellular microenvironment of cancer cells, the structural microenvironment including
different types of collagen, FN and other ECM proteins could be studied to better characterize the
cancer cell niche in the bone. This work should ideally be complemented by studies visualizing the
bone vasculature (ideally in 3D), for example with the help of bone clearing and LSFM. Ongoing re-
search questions about the perivascular and endocortical niche could be better understood with such
experiments.

Another really interesting further perspective that we could only touch on is the involvement of osteo-
cytes and the lacuno-canaliculi network in the context of early osteolytic lesions. A broader network
analysis around early cortical lesions could show how the bone mechanosensitivity gets influenced
during early metastasis and if cancer cells have a preference to home in regions of specific network
architecture. The hypothesis of cancer cells hijacking the canaliculi network could explain the rapid

and exponential establishment of lesions in the bone.

Our work is a great starting point for more in depth analysis of the structural and biophysical bone
microenvironment and its interplay with the cellular and molecular components, both in physiological
and pathological settings. This work opens many new avenues of research and we were able to show that
only an interdisciplinary approach will bring us closer to the biological reality of bone and metastasis

research.
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APPENDIX

Experimental setup

Fig. A.1: Experimental setup and entire region scanned. (A) Mouse placed on the animal bed for the microCT
scan with the hind limbs restrained and (B) exemplary field of view for one entire scan including the entire femur and
tibia of both hind limbs. %)
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Dynamic microcomputed tomography-based time-

lapse morphometry



B. DYNAMIC MICROCOMPUTED TOMOGRAPHY-BASED TIME-LAPSE MORPHOMETRY

B.1 Influence of different threshold methods

No threshold Variable threshold Fixed mean threshold Overlay

Day 0

Result of variable threshold Result of fixed mean threshold

Fig. B.1
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B.1. INFLUENCE OF DIFFERENT THRESHOLD METHODS

Fig. B.1: The influence of different threshold approaches on the results of bone (re)modeling. All images
show the same section of the proximal tibia with only cortical bone. The tibia at day 0 is shown in A-H with no threshold
in (A) and a close up in (B), variable threshold in (C) and a close up in (D), fixed mean threshold in (E) and a close up
in (F), as well as an overlay of variable vs. fixed mean thresholds in (G) and a close up in (H), with overlapping voxels
shown in orange and non-overlapping voxels in green (asterisk indicates an area with many non-overlapping voxels).
The tibia at day 45 is shown in I-P with no threshold in (I) and a close up in (J), variable threshold in (K) and a close
up in (L), fixed mean threshold in (M) and a close up in (N), as well as an overlay of variable vs. fixed mean thresholds
in (O) and a close up in (P), with overlapping voxels shown in orange and non-overlapping voxels in green (asterisk
indicates an area with many non-overlapping voxels). The results of the bone (re)modeling evaluation with variable
threshold are depicted in (Q) and a close up in (R) and for a fixed mean threshold in (S) and a close up in (T), with
mineralized bone in blue, eroded bone in red and constant bone in yellow. (Scale bars correspond to 1 mm for overview
images and 0.2mm for close up images.) [105]

B.1.1 Threshold per animal and time point

Tab. B.1: 3D-Otsu defined thresholds used for the left tibia ROI for each control animal and time point

Animal / Day | 0 17 20 24 27 31 34 38 41 45

1 1958 | 1969 | 1787 | 2126 | 2101 | 2238 | 2153 | 2245 | 2261 | 2320
2 1986 | 2131 | 2178 | 2138 | 2260 | 2219 | 2332 | 2310 | 2274 | 2406
3 2067 | 2145 | 2158 | 2173 | 2179 | 2298 | 2407 | 2495 | 2476 | 2463
4 2020 | 2081 | 2154 | 2040 | 2251 | 2271 | 23581 | 2427 | 2377 | 2437
) 1797 | 1952 | 1971 | 2058 | 1933 | 2077 | 2231 | 2287 | 2284 | 2384
6 1942 | 2062 | 2108 | 2060 | 2166 | 2184 | 2222 | 2335 | 2352 | 2342
7 1843 | 2018 | 1990 | 2054 | 2058 | 2089 | 2158 | 2245 | 2281 | 2264
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B. DYNAMIC MICROCOMPUTED TOMOGRAPHY-BASED TIME-LAPSE MORPHOMETRY

Tab. B.2: 3D-Otsu defined thresholds used for the right tibia ROI for each control animal and time point

Animal / Day | 0 17 20 24 27 31 34 38 41 45

1 1871 | 2071 | 2103 | 2173 | 2109 | 2269 | 2206 | 2247 | 2210 | 2276
2 1921 | 2101 | 1986 | 2199 | 2266 | 2195 | 2201 | 2241 | 2239 | 2396
3 2165 | 2072 | 2242 | 2275 | 2278 | 2327 | 2430 | 2449 | 2497 | 2456
4 2009 | 2142 | 2159 | 2230 | 2302 | 2319 | 2372 | 2410 | 2375 | 2497
) 1917 | 2008 | 1998 | 2066 | 2039 | 2125 | 2227 | 2300 | 2231 | 2379
6 1959 | 2152 | 2134 | 1989 | 2198 | 2218 | 2262 | 2337 | 2315 | 2333
7 1816 | 2070 | 2064 | 2072 | 2096 | 2127 | 2231 | 2213 | 2209 | 2344

Tab. B.3: 3D-Otsu defined thresholds used for the left femur ROI for each control animal and time point

Animal / Day | 0 17 20 24 27 31 34 38 41 45

1 2276 | 2216 | 2196 | 2351 | 2202 | 2253 | 2177 | 2253 | 2321 | 2413
2 2101 | 2188 | 2205 | 2265 | 2270 | 2191 | 2307 | 2332 | 2460 | 2432
3 2080 | 2212 | 2261 | 2326 | 2342 | 2403 | 2407 | 2482 | 2559 | 2458
4 2076 | 2183 | 2225 | 2073 | 2311 | 2292 | 2338 | 2432 | 2395 | 2471
) 1957 | 2081 | 2146 | 2218 | 2205 | 2246 | 2330 | 2399 | 2430 | 2461
6 1931 | 2116 | 2134 | 2110 | 2227 | 2257 | 2300 | 2334 | 2334 | 2369
7 1935 | 2122 | 2156 | 2186 | 2255 | 2244 | 2325 | 2317 | 2361 | 2447
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B.1. INFLUENCE OF DIFFERENT THRESHOLD METHODS

Tab. B.4: 3D-Otsu defined thresholds used for the right femur ROI for each control animal and time point

Animal / Day | 0 17 20 24 27 31 34 38 41 45

1 2099 | 2185 | 2207 | 2274 | 2241 | 2438 | 2328 | 2353 | 2377 | 2455
2 2016 | 2148 | 2060 | 2310 | 2290 | 2237 | 2358 | 2308 | 2403 | 2503
3 2139 | 2217 | 2287 | 2408 | 2378 | 2438 | 2474 | 2499 | 2618 | 2476
4 2075 | 2233 | 2334 | 2273 | 2369 | 2305 | 2394 | 2382 | 2451 | 2520
) 2009 | 2031 | 2121 | 2235 | 2272 | 2196 | 2259 | 2293 | 2379 | 2532
6 1976 | 2152 | 2213 | 2028 | 2237 | 2257 | 2293 | 2322 | 2327 | 2386
7 1896 | 2110 | 2168 | 2194 | 2274 | 2294 | 2287 | 2342 | 2340 | 2544
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B. DYNAMIC MICROCOMPUTED TOMOGRAPHY-BASED TIME-LAPSE MORPHOMETRY

Tab. B.5: 3D-Otsu defined thresholds used for the left tibia ROI for each tumor animal and time point

132

Animal / Day | 0 17 20 24 27 31 34 38
1 2023 | 2091 | 1991 | 2139 | 2177 | 2188 | 2149

2 2057 | 2205 | 2121 | 2280 | 2369

3 2038 | 2161 | 2187 | 2148 | 2223

4 2082 | 2075 | 2179

) 2030 | 2176

6 1834 | 2053

7 2027 | 2035 | 2097 | 2153 | 2204 | 2183 | 2196

8 1918 | 1926 | 1943 | 2010 | 2036 | 2078 | 2149

9 1953 | 2036 | 2134 | 2183

10 2104 | 2113

11 1854 | 1927 | 1968 | 2037 | 1993 | 2103 | 2139 | 2170




B.1. INFLUENCE OF DIFFERENT THRESHOLD METHODS

Tab. B.6: 3D-Otsu defined thresholds used for the right tibia ROI for each tumor animal and time point

Animal / Day | 0 17 20 24 27 31 34 38
1 2089 | 2127 | 2089 | 2237 | 2246 | 2211 | 2297

2 2088 | 2138 | 2131 | 2260 | 2308

3 2071 | 2195 | 2234 | 2188 | 2121

4 2069 | 2032 | 2200

) 1993 | 1866

6 1997 | 2065

7 2018 | 2087 | 2068 | 2042 | 2196 | 2156 | 2207

8 1932 | 1911 | 2005 | 2084 | 2054 | 2100 | 2131

9 1922 | 2066 | 2146 | 2157

10 2139 | 2182

11 1917 | 1872 | 2024 | 2082 | 2075 | 2177 | 2177 | 2199

133



B. DYNAMIC MICROCOMPUTED TOMOGRAPHY-BASED TIME-LAPSE MORPHOMETRY

Tab. B.7: 3D-Otsu defined thresholds used for the left femur ROI for each tumor animal and time point

Animal / Day | 0 17 20 24 27 31 34 38
1 2109 | 2162 | 2160 | 2255 | 2277 | 2251 | 2289

2 2175 | 2346 | 2279 | 2352 | 2433

3 2106 | 2246 | 2286 | 2304 | 2356

4 2029 | 2196 | 2279

) 2052 | 2243

6 1970 | 2201

7 2048 | 2146 | 2263 | 2259 | 2304 | 2290 | 2311

8 2003 | 2043 | 2135 | 2225 | 2208 | 2222 | 2329

9 2113 | 2275 | 2221 | 2290

10 2228 | 2233

11 1973 | 2088 | 2169 | 2233 | 2152 | 2243 | 2284 | 2299
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B.2. REPRODUCIBILITY OF IMAGE PROCESSING

Tab. B.8: 3D-Otsu defined thresholds used for the right femur ROI for each tumor animal and time point

Animal / Day | 0 17 20 24 27 31 34 38
1 2083 | 2215 | 2177 | 2297 | 2361 | 2338 | 2392

2 2183 | 2341 | 2298 | 2375 | 2401

3 2137 | 2203 | 2369 | 2318 | 2355

4 2032 | 2241 | 2298

) 2017 | 2066

6 1985 | 2174

7 2036 | 2121 | 2217 | 2240 | 2281 | 2230 | 2294

8 1958 | 2056 | 2179 | 2147 | 2190 | 2274 | 2350

9 1997 | 2198 | 2188 | 2225

10 2172 | 2300

11 1930 | 2047 | 2107 | 2161 | 2139 | 2260 | 2259 | 2279

B.2 Reproducibility of image processing

All possible combinations of registration, (n — 1)! with n being the number of scans were performed.
We then calculated mean, standard deviation (SD), precision error (PE) as absolute value (PEgp)
and as coefficient of variation (PEcy in %) as well as confidence interval (CI) (using a chi-squared
distribution, with df as the total degrees of freedom) for both cortical and trabecular bone volume

and surface.
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B. DYNAMIC MICROCOMPUTED TOMOGRAPHY-BASED TIME-LAPSE MORPHOMETRY

Tab. B.9: Validation data of the registration and segmentation process for the metaphysis, showing the matching of
bone volume (BV) and bone surface (BS) for cortical and trabecular bone respectively. 6 bones x 4 scans; 36 registrations;

df = 30.11031

Tab. B.10: Validation data of the registration and segmentation process for the epiphysis, showing the matching of bone
volume (BV) and bone surface (BS) for cortical and trabecular bone respectively. 6 bones x 4 scans; 36 registrations;

df = 30. [10]

136

Mean + SD PEsp | PEqy Clysype,spD
ABV (Cortical) 3.14 + 1.40 % 0.397 13.04 % | 0.34 - 0.60
ABS (Cortical) 11.51 £ 4.63 % | 1.463 12.77 % | 1.26 — 2.21
ABV (Trabecular) | 5.30 + 2.22 % 0.904 15.93 % | 0.78 — 1.37
ABS (Trabecular) | 10.78 £ 4.23 % | 1.704 15.31 % | 1.46 — 2.58

Mean + SD PEsp | PEcv Clos%pe,sD
ABV (Cortical) 2.52 +0.98 % 0.359 13.53 % | 0.31 - 0.54
ABS (Cortical) 13.24 £ 5.07 % | 1.627 11.97 % | 1.40 — 2.46
ABV (Trabecular) | 3.56 + 1.41 % 0.685 | 17.55 % | 0.59 - 1.04
ABS (Trabecular) 11.11 +£4.34 % | 1.872 15.84 % | 1.61 —2.83




APPENDIX

Static microcomputed tomography-based mor-

phometry for physiological bone (re)modeling
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Fig. C.1: Spatial evaluation of gradients in bone (re)modeling of femur and tibia reveals significant
differences in mineralized regions. Shown are for cortical bone (A) total volume, (B) bone volume and (C) bone
volume fraction over time; for trabecular bone (D) total volume, (E) bone volume and (F) bone volume fraction over
time. (N = 6 bones from six control animals.)!
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C. STATIC MICROCOMPUTED TOMOGRAPHY-BASED MORPHOMETRY FOR PHYSIOLOGICAL BONE
RE)MODELING
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Fig. C.2: Static microCT analysis of the tibial proximal metaphysis bone surface over bone volume in
cortical bone over time. (N = 6 bones from six control animals.) %%
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Fig. C.3: Static microCT analysis for the tibial proximal metaphysis and the femoral distal metaphysis
over time for cortical and trabecular bone. Shown are for cortical bone (A) total volume, (B) bone volume
and (C) bone volume fraction over time; for trabecular bone (D) total volume, (E) bone volume and (F) bone volume
fraction over time for femur (diamond) and tibia (empty circle). (N = 6 bones from six control animals.) 1%
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APPENDIX D

Bone (re)modeling after cancer cell injection in

cortical bone



D. BoNE (RE)MODELING AFTER CANCER CELL INJECTION IN CORTICAL BONE
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Fig. D.1: Bone (re)modeling analysis of animals injected with cancer cells (without detectable osteolytic
lesions) in comparison to healthy control animals in trabecular bone. Results in cortical bone of tibial proximal
metaphysis are shown for (A) MV/BV, (B) MS/BS and (C) MAR, as well as (D) EV/BV, (E) ES/BS and (F) MRR.
Results of bone (re)modeling analysis in cortical bone of the femoral distal metaphysis. Shown are (G) MV/BV, (H)
MS/BS and (I) MAR, as well as (J) EV/BV, (K) ES/BS and (L) MRR. (All plots show mean and standard deviation.
PBS animals: N = 14 bones from seven animals, Tumor: N = 10 bones from five animals for tibia and femur respectively.)
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APPENDIX E

Pilot animal with large osteolytic lesion



E. PILOT ANIMAL WITH LARGE OSTEOLYTIC LESION
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Fig. E.1: Bone (re)modeling in a pilot animal with a breast cancer metastatic osteolytic event in the
distal femoral metaphysis.Evaluation of bone (re)modeling of cortical bone at (A) day 10, (B) day 17, (C) day 24
and (D) day 28. Shown are normalized (E) volume, (F) surfaces (soft tissue interface as diamond and constant bone
interface as empty circle) and (G) MAR/MRR over time with mineralization in blue and erosion in red. Comparison of
metaphysis (diamond) and epiphysis (empty circle) for normalized (H) mineralized (blue) and (I) eroded (red) volume,
as well as (J) spatial volume analysis of 100 pm sections with mineralization in blue and erosion in red. Evaluation of
bone (re)modeling of trabecular bone at (K) day 10, (L) day 17, (M) day 24 and (N) day 28. Shown are normalized (O)
volume, (P) surfaces (soft tissue interface as diamond and constant bone interface as empty circle) and (Q) MAR/MRR
over time with mineralization in blue and erosion in red. Comparison of metaphysis (diamond) and epiphysis (empty
circle) for normalized (R) mineralized (blue) and (S) eroded (red) volume, as well as (T) a ratio of mineralized and
eroded volume. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.) 107

For methodological details, please refer to the paper by Young et al. (105]
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APPENDIX

Cancer cell analysis in the bone marrow

Fig. F.1: Different proliferation status of cancer cell clusters in the bone marrow (Ki67). (A) eGFP
labeled cancer cell cluster in the bone marrow (green), (B) with corresponding nuclear DAPI signal (blue) and (C)
corresponding nuclear Ki67 signal (red). (D) Overlap of all three signals showing a Ki67 negative cancer cell cluster.
(E) eGFP labeled cancer cell cluster in the bone marrow (green), (F) with corresponding nuclear DAPI signal (blue)
and (G) corresponding nuclear Ki67 signal (red). (H) Overlap of all three signals showing a Ki67 positive cancer cell
cluster. (Scale bar corresponds to 20pum. N = 4 bones form four tumor animals, representative images from animal 3.)






APPENDIX

Influence of the osteolytic lesion on the biophys-

ical microenvironment

Fig. G.1: Ex vivo characterization of a trabecular lesion and comparison to healthy tissue in the same
bone. (A) Overview BSE microscopy image of a tibia with (B) enlargement of a trabecular lesion, as well as (C) CLSM
(rhodamine staining), (D) SHG imaging of collagen fibers and (E) H&E stain. (F) BSE microscopy enlargement of a
healthy trabecular region, as well as (G) CLSM (rhodamine staining), (H) SHG imaging of collagen fibers and (I) H&E
stain. (Asterisk indicates the presence of a lesion, scale bars correspond to 1 mm and 200 um in the enlargements. N =
5 bones from five tumor animals containing an osteolytic lesion, representative images from animal 2.)





